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1.  INTRODUCTION 


This  is  the  final  report  for  the  program  entitled  "Novel  High-Power  Solid-State  Sources  for  the 
Millimeter- Wave  Region,"  which  was  undertaken  from  1  October  1992  through  30  September 
1994.  The  primary  goal  of  this  program  was  to  create  two  new  sources  for  ultrafast  electronic 
circuits.  Two  technical  approaches  were  pursued.  The  first  was  a  cw  optoelectronic  photomixer 
using  low-temperature-grown  (LTG)  GaAs  as  the  active  material.  Prior  to  this  research,  little 
work  had  been  done  on  cw  photomixers  at  millimeter- wave  (i.e.,  f  >  30  GHz)  or  higher 
frequencies.  The  primary  limitation  was  the  lack  of  a  suitably  fast  photoconductive  material. 
LTG  GaAs  was  a  promising  material  for  this  application  because  of  its  short  photoconductive 
lifetime  and  robust  electrical  properties.  The  LTG  GaAs  photomixers  would  utilize  the  low- 
temperature  MBE  technology  developed  at  Lincoln  Laboratory  in  the  late  1980s.  Through  the 
research  carried  out  on  this  program,  the  photomixer  was  developed  into  a  very  useful  source  for 
frequencies  above  100  GHz. 

The  second  approach  was  an  electronic  relaxation  oscillator  using  a  resonant-tunneling 
diode  (RTD)  as  the  active  device.  The  basis  for  this  generator  was  the  high  switching  speed  of 
the  RTD  when  connected  to  a  low-impedance  circuit  Although  some  experiments  had  been 
conducted  to  measure  the  switching  speed  experimentally,  the  switching  process  had  not  been 
made  repetitive.  Two  attractive  aspects  of  the  RTD  relaxation  oscillator  were  that  it  could 
generate  useful  types  of  pulse  waveforms,  such  as  the  impulse  function,  and  that  it  could  readily 
be  integrated  monolithically  on  GaAs  or  InP  wafers.  The  relaxation  oscillator  was  fabricated 
using  the  thin-heterobarrier  MBE  technology  perfected  at  Lincoln  Laboratory  during  the  1980s. 
Through  the  research  carried  out  on  this  program,  the  relaxation  oscillator  was  demonstrated  at 
microwave  frequencies  and  modeled  up  to  1  THz. 

A  significant  by-product  of  this  program  was  the  set  of  applications  that  it  spawned.  The 
LTG  GaAs  photomixer  is  now  being  used  in  three  different  scientific  areas:  (1)  as  a  highly- 
tunable  coherent  source  in  molecular  spectroscopy,  (2)  as  a  THz-bandwidth  optoelectronic  mixer 
for  laser  metrology,  and  (3)  as  a  fixed-frequency  local  oscillator  in  THz  radiometric  systems. 
The  first  two  applications  are  being  pursued  at  the  National  Institute  of  Standards  and 
Technology  (NIST)  laboratories  in  Gaithersburg,  MD,  and  Boulder,  CO,  respectively.  The  third 
application  is  being  pursued  at  the  NASA  Jet  Propulsion  Laboratory  and  the  California  Institute 
of  Technology.  The  RTD  relaxation  oscillator  has  been  used  and  is  being  further  investigated  as 
a  diode-laser  driver  in  optical  communications  systems.  A  variant  of  the  relaxation  oscillator,  a 
RTD-loaded  active  transmission  line,  has  recently  attracted  great  interest  as  an  active 
interconnect  for  massively  parallel  computers.  Each  of  these  applications  is  discussed  in  great 
detail  in  Sec.  3. 
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2.  PROGRAM  OBJECTIVES 


% 


To  achieve  a  useful  LTG  GaAs  photomixer,  the  first  objective  was  to  acquire  a 
theoretical  understanding  of  some  of  the  salient  physical  issues  related  to  optical  mixing  in  LTG 
material.  For  example,  it  was  essential  to  predict  to  some  level  of  accuracy  the  optical-to- 
electrical  (O-E)  conversion  efficiency.  Unless  this  efficiency  was  much  greater  than  that  of  the 
competitive  techniques  of  optical  three-wave  mixing  and  electrical  harmomc  conversion,  there 
was  little  point  in  pursuing  the  photomixer  for  practical  applications.  After  this  theoretical 
exercise,  the  photomixer  effort  was  mostly  experiments  aimed  at  the  following  objectives:  (1) 
determine  the  optimum  GaAs  material  relative  to  pump  wavelength,  (2)  confirm  that  the  very 
short  response  time  measured  in  earlier  measurements  of  LTG  GaAs  by  time-resolved  techmques 
would  translate  into  the  frequency  domain  of  photomixing,  and  (3)  ascertain  the  maximum  O-E 
conversion  efficiency  and  the  limitations  thereof.  The  final  objective  was  a  useful  application, 
which  turned  out  to  be  an  optoelectronic  sweep  oscillator  for  molecular  spectroscopy  at  NIST, 
Gaithersburg. 

To  achieve  a  useful  relaxation  oscillator,  it  was  first  necessary  to  carry  out  some 
sophisticated  computer  simulations  of  an  RTD  connected  to  a  length  of  transmission  line.  The 
objective  here  was  to  understand  the  dynamics  of  the  oscillator  and  the  effects  of  non-ideality  in 
the  RTD  and  transmission-line.  Once  these  simulations  were  completed,  experimental  work 
commenced  in  earnest  and  was  aimed  at  the  following  objectives:  (1)  determine  the  maximum 
repetition  frequency  and  minimum  pulse  width  achievable  in  a  hybrid-packaged  relaxation 
oscillator,  and  (2)  fabricate  a  monolithic  RTD  relaxation  oscillator  and  determine  its  speed  and 
amplitude  limits.  The  final  objective  was  to  use  the  relaxation  oscillator  in  a  useful  application, 
which  turned  out  to  be  a  diode-laser  driver  experiment  in  the  optical  communications  group  at 
Lincoln  Laboratory. 


3.  ACCOMPLISHMENTS 

The  discussion  of  accomplishments  on  this  program  will  be  split  into  the  two  topical 
areas,  and  will  follow  closely  the  objectives  discussed  above.  Frequent  reference  will  be  made  to 
publications  collected  as  Appendices  at  the  end  of  this  report 
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3.L  LTG  GaAs  PHQTQMIXERS 

3.1.1.  Photomixer  Theory  and  Comparison  with  other  Techniques 

The  first  effort  in  this  program  was  a  theoretical  exercise  aimed  at  determining  the 
operational  characteristics  of  the  LTG-GaAs  photomixer.  The  details  are  given  in  the  reprint  of 
Appendix  A.  In  summary,  an  analytical  model  was  developed  based  on  the  assumption  that 
when  the  LTG  GaAs  is  pumped  by  radiation  lying  just  above  the  band  gap  (i.e.,  X  <  850  nm),  it 
behaves  like  a  photoconductor  with  a  single  time  constant  equal  to  the  electron-hole  lifetime  Teh- 
This  assumption  was  consistent  with  earlier  work  done  on  LTG  switches  and  detectors  in  Prof. 
Mourou's  group  at  the  University  of  Michigan,  and  is  mostly  consistent  with  our  subsequent 
work  on  high-frequency  photomixers  discussed  below.  The  photomixer  operates  by  the  fact  that 
two  pump  lasers  offset  in  frequency  by  f  generate  in  the  LTG  GaAs  a  time  varying  conductance 
at  the  same  frequency.  When  the  photomixer  is  connected  to  a  constant-voltage  bias,  the  time 
varying  conductance  leads  to  a  time  varying  current.  The  latter  current  is  readily  coupled  to 
output  circuits,  such  as  transmission  lines  and  planar  antennas,  to  generate  power. 

With  these  considerations  we  predicted  (Appendix  A)  that  in  photomixers  constructed  by 
fabricating  interdigitated  electrodes  directly  on  the  LTG  GaAs,  the  O-E  conversion  efficiency  to 
low  difference  frequencies  could  be  as  high  as  a  few  percent  and  the  3-dB  electrical  bandwidth 
could  be  at  least  250  GHz.  Most  importantly,  the  bandwidth  could  designed  to  be  limited  by  Teh 
and  not  the  parasitic  RC  time  associated  with  the  resistive  part  of  the  load  circuit  and  the 
interdigitated-electrode  capacitance.  Such  numbers  were  calculated  for  just  tens  of  milliwatts  of 
optical  pump  power  in  each  laser  beam.  This  engendered  a  sense  of  confidence  in  the  overall 
photomixer  approach  because  single-frequency  solid-state  lasers  (i.e.,  Ti:Al203)  were  readily 
available  that  could  pump  the  LTG  GaAs  above  its  band  gap  and  put  out  at  least  100  mW  of 
power  each. 

The  analysis  also  served  to  contrast  the  LTG-GaAs  photomixer  against  other  techniques 
for  generating  tunable  THz  coherent  radiation.  One  such  technique  is  three-wave  mixing  in 
nonlinear  crystals,  whose  maximum  conversion  efficiency  is  limited  fundamentally  by  the 
Manley-Rowe  relation: 


f  V'l  Vj 

where  vi  (Pi)  and  V2  (P2)  are  the  optical  frequencies  (powers)  and  f  (Pf)  is  the  difference- 
fi-equency  (power).  For  example,  using  pump  lasers  around  0.8-p.m  wavelength  and  a  300  GHz 
frequency  difference,  we  calculate  a  maximum  conversion  efficiency  of  0.05%.  And  this 
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neglects  the  important  practical  problem  of  phase  matching.  In  contrast,  the  analysis  in 
Appendix  A  showed  that  even  with  heating  and  impedance-matching  effects  considered,  the 
LTG-GaAs  photomixer  is  capable  of  at  least  a  5%  O-E  conversion  efficiency  for  the  same  pump 
conditions.  Experience  with  three-wave  mixing  has  shown  that  imperfect  phase  matching  drc^s 
the  conversion  efficiency  several  more  orders  of  magnirnde,  as  exemplified  by  the  2x10"^ 
efficiency  from  C02-laser  wavelengths  (approximately  10  |im)  to  millimeter  wavelengths. 
Because  the  photomixer  is  not  limited  by  the  Manley-Rowe  relation  and  does  not  require  phase 
matching,  it  could,  in  principle,  yield  an  O-E  efficiency  exceeding  unity.  Note,  however,  diat 
this  would  require  that  the  LTG-GaAs  exhibit  photoconductive  gain,  which  has  not  yet  been 
observed  experimentally. 

The  photomixer  analysis  also  highlighted  its  inherent  simplicity  compared  to  the  all- 
electronic  technique  based  on  harmonic  generation  in  non-linear  devices.  The  standard  device  in 
this  technique  is  the  Schottky  varactor  diode.  The  difficulty  in  this  technique  is  that  solid-state 
devices  only  extend  up  to  just  over  100  GHz,  so  that  to  get  to  THz  frequencies  high-order 
harmonics  must  be  generated  or  else  lower-order  multipliers  must  be  used  in  tandem.  In  eidier 
case,  the  circuits  required  are  very  complicated  because  with  each  harmonic  comes  an  idler 
frequency,  which  must  be  properly  terminated  to  achieve  high  output  power  on  the  desired 
harmonic.  In  contrast,  when  the  LTG-GaAs  photomixer  is  pumped  with  the  cw  power  levels 
considered  in  this  program  (<  0.5  W  from  each  laser),  the  only  significant  time  variation  in  the 
photocurrent  is  at  the  laser  difference  frequency.  There  is  no  harmonic  of  either  laser  (at  least 
not  in  the  photocurrent)  and  there  is  no  harmonics  or  idlers  of  the  difference  frequency  unless  the 
pump  power  drives  the  conductance  of  the  photomixer  to  the  level  of  the  load  conductance. 
With  cw  optical  pumping,  heating  becomes  a  problem  long  before  this  point  is  reached. 

Finally,  our  analysis  showed  clearly  how  the  LTG-GaAs  photomixer  compared  in 
absolute  power  to  more  common  optoelectronic  terahertz-generation  techniques  based  on 
optically  triggered  photoconductive  switches  coupled  to  antennas  or  transmission  lines.  The  key 
is  that  photomixer  concentrates  all  of  its  photocurrent  at  one  (difference)  frequency  and, 
therefore,  generates  a  much  greater  power  spectral  density  Sp,  (defined  as  the  average  power 
generated  per  unit  Hz  of  bandwidth).  For  the  photomixer,  the  highest  spectral  density  generated 
up  to  300  GHz  to  date  is  the  ratio  of  the  highest  power  of  approximately  50  pW,  to  the 
instantaneous  linewidth,  which  is  roughly  10  KHz  for  two  Tirsapphire  pumps.  This  yields  Sp  » 
5x10'9  W/Hz,  which  as  discussed  above,  is  expected  to  increase  substantially  by  increasing  die 
pump  power  and  providing  better  cooling  of  the  photomixer  element  For  photoconductive 
switching  devices  driven  by  mode-locked  optical  lasers,  Sp  »  (V^/R^  (frep't)/Af,  where  V  is  the 
dc  bias  voltage  across  the  photoconductive  gap,  Ra  is  the  radiation  resistance  of  the  load  antenna 
or  the  characteristic  impedance  of  the  transmission  line,  frep  is  the  repetition  rate  of  the  mode- 
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locked  laser,  and  x  and  Af  are  the  electrical  switching  time  and  bandwidth  of  the  overall  circuit  in 
which  the  photoconductive  gap  is  embedded.  Using  representative  values  of  V  =  100  V,  Ra  = 
100  Q,  frep  =  100  MHz,  x  =  1  ps,  and  Af  =  100  GHz,  we  find  Sp  =  1x10*13  w/Hz.  This  spectral 
density  is  the  relevant  figure  of  merit  for  many  applications  of  coherent  sources,  such  as  coherent 
tunable  spectrometers  for  molecular  spectroscopy,  local  oscillators  in  terahertz  radiometers,  and 
sweep  oscillators  for  device  and  material  diagnostics.  The  much  higher  terahertz  peak  power  of 
the  switched  sources  may  be  useful  in  pulsed  applications  such  as  radar. 

3.12.  Material  Growth 

Our  LTG  InGaAs  was  grown  by  molecular-beam  epitaxy  (MBE)  at  a  temperature  in  the 
range  of  180  to  250  *C  and  in  the  presence  of  arsenic  over  pressure  in  the  growth  chamber.  The 
first  several  wafers  for  our  program  were  grown  in  an  old  Varian  Gen  II  system  that  was 
originally  used  to  investigate  LTG  GaAs  from  its  beginnings  in  the  mid-1980s.  Although  it  had 
only  2-inch  substrate  capability,  the  fact  that  the  substrates  were  indium-soldered  to  the  block 
lead  to  good  temperature  control.  The  last  few  wafers  for  our  program  were  grown  in  a  relatively 
new  Intevac  Gen  n  system  designed  for  3-mch  substrates.  This  machine  contained  a  BN  solder- 
free  sample  holder  that  was  convenient  and  gave  very  reproducible  growths,  but  its  temperature 
could  not  be  precisely  calibrated.  Independent  of  the  MBE  machine,  the  resulting  LTG  material 
was  nonstoichiometric  with  about  1%  excess  arsenic.  After  growing  approximately  1  pm  of 
material,  the  gallium  source  is  closed.  A  thermal  anneal  is  then  carried  out  at  approximately  600 
*C  in  the  arsenic  flux  for  a  duration  of  10  minutes.  The  thermal  anneal  causes  the  large 
concentration  of  excess  arsenic  atoms  to  rearrange  either  as  antisite  defects  (i.e.,  an  arsenic  atom 
at  a  gallium  site)  or  to  cluster  together  as  metallic  arsenic  precipitates.  The  relationship  between 
the  defects  and  the  desirable  characteristics  (i.e.,  high  resistivity  and  short  photoconductive 
lifetime)  is  somewhat  controversial.  One  school  of  thought,  started  by  Lincoln  Laboratory  and 
the  University  of  California  at  Berkeley,  attributes  these  characteristics  exclusively  to  the  high 
concentration  (=101^  cm"^)  of  antisite  defects,  which  leads  to  very  low  background-carrier 
concentrations  and  a  high  probability  of  Shockley-Read-Hall-like  recombination.  The  other 
school  of  thought,  started  mostly  by  IBM  and  Purdue  University,  attributes  these  characteristics 
to  the  short  distance  between  the  precipitates,  which  leads  to  a  depletion  of  background  carriers 
and  a  high  probability  for  recombination  of  photocarriers  close  to  the  site  of  their  generation. 

3.1.3  Time-Resolved  Lifetime  Measurement 
For  the  photomixer  application,  the  most  important  characteristic  of  the  LTG  GaAs  is  the 
electron-hole  photocarrier  lifetime,  Xeh-  To  determine  this  quantity,  we  used  the  technique  of 
time-resolved  photoreflectance  depicted  in  Fig.  1.  This  is  a  pump-probe  technique  in  which  the 
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optical  pulse  train  from  a  Ti:Al203  mode-locked  laser  is  split  into  two  separate  beams.  The 
more  powerful  pump  beam  is  directed  through  an  optical  delay  Une,  mechanically  chopped,  and 
then  focused  on  the  surface  of  the  LTG-GaAs  epitaxial  layer  where  it  excites  electron-hole  pairs. 
The  probe  beam  is  focused  onto  the  same  spot  as  the  pump  beam  and  the  average  power  of  the 
reflected  probe  beam  is  measured  with  a  slow  photon  detector  as  the  delay  line  varies  the  optical 
path  length  of  the  pump  beam.  The  change  in  path  length  is  equivalent  to  a  time  delay  of  the 
probe  beam  with  respect  to  the  pump  beam.  The  photon  detector  is  connected  to  a  lock-in 
amplifier  synchronized  at  the  chopper  frequency,  so  that  the  output  signal  of  the  lock-in  amplifier 
is  sensitive  only  to  changes  in  the  reflectivity  induced  by  the  pump  beam.  As  the  time  delay  of 
the  pump  beam  is  varied  so  that  the  pump  and  probe  pulses  arrive  at  the  LTG-GaAs  layer 
simultaneously,  the  pump  has  its  maximum  effect,  as  shown  in  the  inset  of  Fig.  1.  As  the  probe 
beam  is  delayed  further,  the  signal  strength  drops  off  over  a  time  scale  directly  related  to  the 
lifetime  of  the  photocairiers  induced  by  the  pump.  The  accuracy  of  this  method  is  limited  only 
by  the  finite  length  of  the  pump  and  probe  pulses,  which  in  our  laser  is  approximately  80  fs. 

DRIVE  ZERO  PATH 
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Fig.  2.  Experimental  results  of  photocanier  lifetime  vs  MBE  growth  temperature. 

Shown  in  Fig.  2  are  the  experimental  results  for  teh  measured  for  a  variety  of  LTG-GaAs 
samples  grown  between  180  and  240  *C.  Over  this  entire  temperature  range,  the  lifetime  is 
below  1  ps.  The  best  samples  for  photomixers  are  those  grown  between  about  190  and  210  *C, 
in  which  the  lifetime  is  in  the  range  of  0.2  to  0.4  ps.  The  minimum  lifetime  that  we  have 
observed  is  0.15  ps  in  a  sample  grown  at  195  *C.  This  temperature  defines  a  rough  minimiiTn  in 
the  lifetime  vs  growth  temperature  represented  by  the  solid  curve  fit  shown  in  Fig.  2. 


3.1.4.  CW  Optical  Pumping  Set  Up 

A  schematic  diagram  of  the  laser  pumping  configuration  used  in  our  experiments  is 
shown  in  Fig.  3  and  discussed  in  more  detail  in  Appendix  B.  It  consists  of  two  Ti;Al203  lasers, 
each  pumped  by  an  argon-ion  laser.  One  of  the  Ti:Al203  lasers  has  a  standing-wave  optical 
cavity  and  is  kept  at  a  fixed  wavelength  of  about  800  nm  over  the  course  of  the  experiments.  The 
output  power  of  this  laserTs-typicallyinjhe_^ge  of  0.1  to  0.5  W  depending  on  the  ion-laser 
pump  power.  The  output  is  divided  between,  aTmostrtWcrkmfitudinal  modes  separated  in 
frequency  by  200  MHz.  The  other  Ti:Al203  laser  has  a  ring  cavity  with  an  optical  isolator  just 
outside  to  maintain  single-mode,  single-frequency  operation.  The  ring  laser  is  tuned 
continuously  in  wavelength  by  a  birefringent  etalon  located  inside  the  cavity.  The  cw  output 
power  of  the  ring  laser  is  typically  in  the  range  of  0.2  to  1.0  W,  again  depending  on  the  ion-laser 
pump  power. 
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Fig.  3.  Experimental  configuration  for  optically  pumping  the  photomixer. 


One  of  the  attractive  features  of  photomixing  is  that  the  delicate  task  of  beam  combining 
can  now  be  carried  out  using  fiber-optic  components.  As  shown  in  Fig.  3,  this  is  done  by  first 
transforming  the  output  beams  of  the  Ti:Al203  lasers  into  single-mode  fiber  using  free-space-to- 
fiber  couplers.  The  two  single-mode  fibers  are  connected  to  a  broadband  fiber-optic  power 
Although  the  combiner  is  somewhat  inefficient  (only  about  25%  of  the  total  input  power  gets 
into  the  output  fiber),  it  is  quite  rugged  and  vibration  insensitive  compared  to  any  free-space 
combining  technique.  After  combining,  the  beams  are  transformed  back  into  free  space  and 
focused  on  the  photomixer  active  region. 

3.1^.  Photomixer  Fabrication 

To  obtain  a  photomixer  having  a  sufficiently  low  capacitance  to  operate  at 
terahertz  frequencies,  we  have  implemented  the  interdigitated  contact  structure  shown  in  the 
inset  of  Fig.  4.  The  interdigitated  electrodes  are  fabricated  on  the  top  surface  of  the  LTG  GaAs 
by  the  following  steps.  First,  electron-beam  lithography  is  used  to  open  up  channels  having  the 
dimension  of  the  desired  electrodes  in  a  thin  layer  of  polymethylmethacrylate  (PMMA).  Then 
thin  layers  of  titanium  and  gold  are  deposited  on  the  entire  pattern.  Finally,  the  metal  over  the 
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grid  of  remaining  PMMA  is  lifted  off  using  a  chemical  solvent.  The  width  of  the  electrodes  is 
typically  0.2  )im  and  the  gap  between  electrodes  ranges  between  typically  0.4  and  1.8  p.in. 

In  operation,  the  laser  beams  are  focused  on  the  interdigitated-electrode  region, 
generating  electron-hole  pairs  in  the  LTG-GaAs  gaps  between  the  electrodes.  The  density  of 
electrons  and  holes  varies  in  time  at  the  difference  frequency  between  the  two  lasers.  Because  of 
the  large  dc-bias  field  applied  between  electrodes,  the  photocarriers  drift  to  opposite  contacts. 
This  constitutes  a  time  varying  photocurrent  that  can  generate  power  by  driving  the  characteristic 
impedance  of  a  transmission  line  or  the  radiation  resistance  of  an  antenna.  We  used  a  50-Q 
coplanar  waveguide  as  the  transmission  line  for  frequencies  from  0.2  to  50  GHz,  as  described  in 
Appendix  B.  For  higher  frequencies,  we  coupled  the  interdigitated-electrode  structure  to  a  self¬ 
complementary  spiral  antenna  as  shown  in  Fig.  4.  The  spiral  is  a  type  of  broadband  antenna 
whose  useful  range  can  easily  exceed  1  decade  of  frequency.  When  lying  on  a  GaAs  half-space, 
its  radiation  resistance  is  approximately  72  Q.  The  low  frequencies  radiate  from  the  outer  extent 
of  the  spiral,  and  the  high  ones  radiate  from  the  inner  extent.  At  all  frequencies  most  of  the 
radiation  goes  into  the  GaAs  substrate  because  of  its  high  dielectric  constant.  The  radiation  is 
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transformed  into  free  space  without  significant  total-internal  reflection  by  abutting  the  substrate 
to  a  silicon  hyper-hemispherical  lens.  The  radiation  coming  out  of  the  lens  forms  a  diverging 
Gaussian  beam  which  is  easily  coupled  into  other  millimeter- wave  components  and  systems. 

3.1.6.  Radio-Frequency  Photomixing 

To  make  accurate  measurements  of  the  output  power  and  O-E  conversion  efficiency, 
CPW  photomixers  having  20x20  |xm  active  area  were  driven  by  a  single  (standing  wave) 
Ti:Al203  solid-state  laser  operating  near  750  nm.  The  standing  wave  laser  was  internally 
adjusted  by  etalons  to  operate  with  nearly  equal  output  power  in  two  adjacent  longitudinal  modes 
separated  in  frequency  by  200  MHz.  The  output  beam  was  focused  down  to  a  spot  diameter  of 
approximately  20  pm  at  the  interface  of  the  photomixer  and  the  total  power  was  varied 
incrementally  by  changing  the  power  of  the  argon-ion  laser  that  pumped  the  TiLAl203  crystal. 
For  each  pump  power,  the  dc  bias  voltage  was  increased  from  zero  up  to  a  value  just  below  that 
which  rendered  electrical  destruction.  The  electrical  output  of  the  photomixer  was  measured 
with  a  spectmm  analyzer. 

Described  in  Appendix  C  and  shown  in  Fig.  5(a)  are  the  experimental  results  for  a  0.6- 
pm-gap  photomixer  at  room  temperature  and  for  total  optical  pump  powers  of  45  and  75  mW. 
At  both  power  levels,  we  observed  a  nearly  quadratic  increase  in  output  power  with  dc  bias 
voltage  up  to  about  8  V,  followed  by  a  super-quadratic  increase  at  higher  voltages.  At  a  fixed 
bias  voltage  less  than  about  5  V,  the  output  power  also  increased  nearly  quadratically  with  pump 
power  between  45  and  75  mW.  Both  quadratic  functions  are  characteristic  of  any  photomixer  in 
which  the  photocurrent  is  ohmic.  The  super-quadratic  dependence  on  bias  voltage  is  believed  to 
be  caused  by  space-charge  effects  in  the  LTG-GaAs  material.  For  45-mW  pump  power,  the 
output  power  at  room  temperature  approaches  a  maximum  value  of  -9  dBm  at  a  bias  voltage  of 
30  V.  This  represents  an  O-E  conversion  efficiency  of  approximately  0.3%.  When  the  optical 
power  or  bias  voltage  was  increased  beyond  this  level,  the  device  displayed  bum-out 

With  thermal  bum-out  in  mind,  we  tested  a  0.6-pm-gap  photomixer  at  77  K  by  mounting 
the  coplanar- waveguide  sample  on  the  cold  finger  of  a  liquid-nitrogen  cryostat  The  laser  pump 
beam  was  focused  on  the  photomixer  through  a  glass  window  on  the  outer  vacuum  jacket  of  the 
cryostat.  Shown  in  Fig.  5(b)  are  the  experimental  results  for  optical  pump  powers  of  75  and  225 
mW.  For  75  mW  pump  and  bias  voltages  less  than  10  V,  the  output  power  was  slightly  less  than 
at  room  temperature  and  the  same  pump  power.  Above  10  V  bias,  the  output  power  at  77  K 
exceeded  that  at  room  temperature  as  the  dependence  on  bias  voltage  became  super-quadratic. 
For  225  mW  pump  power,  the  output  power  was  nearly  ten  times  that  obtained  with  75  mW, 
consistent  with  the  quadratic  theoretical  dependence  of  output  power  on  pump  power.  At  biases 
above  about  10  V,  the  output  power  increases  in  a  nearly  quartic  fashion  such  that  +6  dBm  (4 
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Fig.  5.  Output  power  fiom  0.6-micron-gap  LTG-GaAs  photomixer  at  0.2  GHz. 

mW)  was  obtained  at  30- V  bias.  The  highest  O-E  conversion  efficiency  at  77  K  was  1.5%  under 
the  conditions  of  225  mW  pump  power  and  30-V  bias.  Further  details  on  this  interesting  results 
are  found  in  Appendix  C. 

Other  size  photomixers  were  studied  at  a  200-MHz  difference  frequency,  as  discussed 
fully  in  the  manuscript  of  Appendix  C  entitled  "Milliwatt  output  levels  and  superquadratic  bias 
dependence  in  a  low-temperature-grown  GaAs  photomixer." 

3.1.7.  T erahertz  Photomixing 

At  frequencies  above  100  GHz,  spiral-antenna  photomixers  were  used  because  of  their 
ability  to  radiate  into  free  space  and  because  of  the  relative  ease  in  measuring  the  output 
characteristics  quasioptically  at  these  frequencies.  These  results  were  first  reported  in  the 
manuscript  of  Appendix  D.  Plotted  in  Fig.  6  is  the  output  power  of  a  1.8-pm-gap  photomixer  up 
to  3.8  THz.  For  a  total  pump  power  of  50  mW  distributed  equally  between  the  two  lasers  and  a 
bias  voltage  of  25  V  between  electrodes,  we  measured  an  output  power  of  approximately  0.035 
mW  for  the  CPW  stmcture  at  frequencies  up  to  about  20  GHz.  The  data  point  in  Fig.  6  at  10 
GHz  is  scaled  up  by  the  factor  72/50  to  indicate  what  would  be  measured  by  a  72-Q  load  (i.e.. 
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the  antenna  resistance).  This  is  valid  when  the  photomixer  differential  resistance  is  much  higher 
than  the  load  resistance,  as  is  true  under  the  present,  rather  modest,  optical-pumping  conditions. 
We  see  that  the  spiral-antenna  output  is  nearly  constant  out  to  about  300  GHz  and  is  down  3  dB 
at  405  GHz.  This  bandwidth  is  consistent  with  the  two-time-constant  expression 

P  = _ Es _ 

where  Pq  is  the  reference  output  power  at  10  GHz.  Substituting  in  the  time  constants  Xeh  =  0-27 
ps  and  RaC  =  0.21  ps  yields  a  3-dB  rolloff  frequency  of  425  GHz,  in  good  agreement  with  the 
experiment  At  frequencies  above  500  GHz  the  power  rolls  off  monotonically  at  a  rate  slightly 
over  12  dB/octave  -  the  limiting  behavior  of  Eq.  (2).  This  is  gradual  compared  to  the  roU  off  of 
fundamental-frequency  electronic  oscillators,  which  made  it  possible  to  measure  the  output 
power  of  the  present  photomixer  to  3.8  THz. 

The  local  peak  near  800  GHz  is  thought  to  represent  a  transition  from  spiral  radiation  to 
dipole  radiation  by  the  interconnect  metal  between  the  interdigitated  electrodes  and  the  inner 
radius  of  the  spiral.  This  is  consistent  with  polarization  measurements  which  indicated  that  the 
output  radiation  was  circularly  polarized  at  the  lower  frequencies,  eUiptically  polarized  near  800 
GHz,  and  linearly  polarized  at  the  highest  frequencies.  It  is  also  consistent  with  the  resonant 
length  of  the  interconnect  Taking  the  60-pm  length  of  the  interconnect  as  the  physical  length  of 
a  dipole,  we  estimate  that  a  half-wave  resonance  should  occur  at  a  frequency  of  950  GHz,  in  fair 
agreement  with  the  experiment.  Between  this  point  and  the  full-wave  resonance,  we  expect  the 
interconnect  to  continue  radiating  because  the  real  part  of  the  radiation  impedance  should 
increase  somewhat  with  frequency.  This  counteracts  the  expected  decrease  in  radiated  power 
with  frequency  that  arises  from  the  increase  of  the  metallic  surface  impedance  due  to  the  skin 
effect. 

The  output  power  up  to  300  GHz  represents  an  optical-to-electrical  (O-E)  conversion 
efficiency  of  approximately  0.1%.  This  is  substantially  less  than  the  >1%  value  reported 
previously  at  low  frequencies.  One  reason  for  this  is  that  the  optical  pump  power  was  limited  to 
50  mW  total  because  of  insertion  loss  in  the  fiber-optic  combiner.  A  second  reason  is  that  the 
bias  voltage  was  limited  to  values  about  three-times  less  than  expected.  This  was  caused  by 
breakdown  either  in  the  Si-GaAs  substrate  below  the  1.0-|xm  LTG-GaAs  layCT  or  in  the  gaps 
between  the  ends  of  the  electrodes  and  the  opposite  contact  pad,  whose  sub-micron  dimension 
was  inadvertently  made  too  small.  Since  the  output  power  (O-E  efficiency)  goes  as  the  square 
(linear)  of  the  total  pump  power  and  at  least  as  the  square  (linear)  of  the  bias  voltage,  we  have 
good  reason  to  believe  that  the  implementation  of  a  lower-loss  fiber-optic  combiner,  better 
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Fig.  6.  Output  power  from  1.8-micron-gap  LTG-GaAs  photomixer  up  to  3.8  THz. 

electrode  definition,  or  thicker  LTG-GaAs  layers  will  yield  substantially  higher  terahertz  output 
power  and  conversion  efficiency  in  future  photomixers. 

To  test  the  dependence  of  bandwidth  on  electrode  separation,  we  also  measured  a  0.3- 
p.m-gap  photomixer  connected  to  a  three-tura  spiral  antenna.  Relative  to  the  100-GHz  output 
power,  the  measured  3-dB  frequency  for  this  photomixer  was  240  GHz.  This  is  an  upper  limit  on 
the  actual  bandwidth  since  the  output  power  was  already  dropping  at  more  than  4  dB/octave  at 
100  GHz.  By  500  GHz  the  output  power  was  down  14  dB  relative  to  100  GHz  compared  to  only 
4  dB  down  for  the  1.8  itm-gap  device.  The  results  are  consistent  with  the  expected  increase  in 
device  capacitance  from  2.9  to  22.4  fF  as  calculated  from  a  theoretical  expression,  which 
decreases  the  RAC-limited  3-dB  bandwidth  to  99  GHz.  In  addition,  these  results  also  prove 
unequivocally  that  the  LTG-GaAs  photomixers  are  not  transit-time  limited  devices  as  the  present 
interdigitated  electrode  structures  would  likely  be  on  standard  epitaxial  GaAs  (i.e.,  GaAs  grown 
at  high  temperatures).  In  the  transit-time-limited  case,  the  observed  bandwidth  would  increase 
significantly  with  the  given  reduction  in  gap  width,  contrary  to  what  was  observed  here. 
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3.2.  RTD  RELAXATION  OSCILLATOR 


32.1.  Principles  of  Operation 

The  RTD  relaxation  oscillator  is  based  on  the  repetitive  switching  through  the  NDR  region 
between  dc-stable  points  lying  below  the  peak  point  and  above  the  valley  point  To  establish  this 
type  of  oscillation,  we  imagine  that  the  RTD  is  connected  to  one  end  of  a  short-circuited 
transmission  line,  as  shown  in  Fig.  7.  The  transmission  line  has  quiescent  operation  point  is 
initially  just  below  the  peak  or  just  above  the  valley,  and  the  RTD  is  induced  to  switch  toward 
the  valley  or  peak,  respectively,  by  a  shift  in  the  bias  voltage  Vb-  Once  the  first  switch  occurs,  a 
pulse  travels  down  the  line,  is  reflected  from  the  short  with  inverted  polarity,  and  arrives  back  at 
the  RTD  after  a  time  2t<i.  If  2td  is  sufficiently  greater  than  the  RTD  switching  time  ts,  then  the 
return  pulse  will  induce  the  RTD  to  switch  back  to  the  initial  operating  point  The  subsequent 
return  pulse  then  induces  a  switch  similar  to  the  first  one,  and  the  process  repeats  at  a  rate  of  (4  td 
)■!.  The  overall  process  is  classified  as  a  relaxation  oscillation  because  the  RTD  dwells  in  either 
of  its  PDR  regions  between  switching  events.  Further  conceptual  details  can  be  found  in 
Appendix  E. 


Fig.  7.  Schematic  diagram  of  the  resonant-tunneling  transmission-line  relaxation  oscillator. 

32.2.  Numerical  Modeling 

To  demonstrate  the  operational  characteristics  of  the  relaxation  oscillator,  we  have  simulated  it 
numerically  using  the  program  SPICE3E.  The  transmission  line  is  represented  by  the  standard 
SPICES  model,  which  is  lossless  and  dispersionless.  The  RTD  is  represented  by  the  parallel 
combination  of  a  nonlinear  voltage-controlled  current  generator  and  a  nonlinear  capacitance. 
The  voltage  dependence  of  the  current  generator  is  designed  to  be  an  accurate  physical 
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representation  of  the  RTD,  taking  advantage  of  the  transcendental  functions  available  in 
SPICE3E.  The  current-voltage  (I-V)  characteristic  of  the  RTD  is  assumed  to  have  the  form 

I  =  Cl  V  [  tan’l  ( c2  V  +  C3  )  -  tan'l  ( c2V  +  C4 )]  +  csV^t  + 

where  the  constants  ci  through  C4  are  determined  by  the  tum-on  voltage,  peak  voltage,  peak 
current,  and  peak  differential  conductance  of  the  RTD,  and  the  constants  C5  and  C6  are 
determined,  after  obtaining  ci  through  C4,  by  fitting  to  the  valley  current  and  one  arbitrary  point 
beyond  the  valley.  The  exponents  m  and  n  (n  >  m)  are  chosen  to  obtain  a  satisfactory  fit  to  the 
overall  I-V  curve  beyond  the  valley  point  A  good  fit  for  high-quality  RTDs  is  obtained  with  m 
=  3  and  n  =  9.  The  two  tan*  1  terms  occur  in  the  stationary-state  tunneling  theory  of  the  RTD, 
with  a  Lorentzian  form  used  for  the  transmission  probability  and  a  degenerate  electron 
population  assumed  on  the  cathode  side  of  the  resonant-tunneling  structure.  The  two  polynomial 
terms  account  for  the  excess  current,  which  is  the  primary  current  component  beyond  the  vaUey 
point.  The  capacitance  of  the  RTD  is  represented  by  the  SPICE  model  for  a  back-biased  junction 
diode,  C  =  Co  [  1  +  V  /  Vj  ]*  1/2,  where  Cq  is  the  zero-bias  capacitance  and  Vj  is  the  built-in 
potential.  The  diode  reverse  saturation  current  is  made  negligibly 
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Fig.  8.  Cunrent-voltage  characteristic  of  RTD  modeled  as  relaxation  oscillatOT.  The  straight  line 
shows  the  dc  load  line  presented  to  the  RTD  after  the  application  of  the  start-up  ramp. 
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Shown  in  Fig.  8  is  the  I-V  curve  simulated  here.  It  applies  to  a  4-|im^  RTD  having  a 
peak  current  density  of  1.8x105  A-cm*2  and  a  specific  capacitance  at  the  peak  of  1.4  fF  iim‘2 
The  model  I-V  curve  has  the  parameters  ci  =  0.0052,  C2  =  24.5,  C3  =  5.0,  C4  =  15.0,  C5  = 
0.0000809,  C6  =  0.0014,  m  =  1,  and  n  =  5.  The  resulting  peak-to-valley  current  ratio  (PVCR)  is 
6.3,  equal  to  the  highest  room-temperature  PVCR  obtained  with  GaAs/AlGaAs  RTDs.  The 
capacitance  parameters  are  Cq  =  14.0  fF  and  Vj  =  0.1  V,  yielding  C  =  5.5  fF  at  the  peak  voltage. 

The  output  voltage  waveform  across  the  load  resistance  is  shown  in  Fig.  9  for  a 
transmission  line  having  an  electrical  delay  of  3.0  ps.  It  is  apparent  that  the  waveform  is  highly 
non- sinusoidal.  It  consists  of  a  sequence  of  pulses  having  a  full  width  at  half-maximum  of  1.9  ps 
and  a  repetition  time  of  approximately  4t(i.  During  the  repetition  period  two  pulses  occur  having 
opposite  polarities.  These  pulses  represent  the  two  switching  events  required  to  complete  one 
cycle  around  the  dynamic  load  line  of  the  RTD.  For  both  polarities,  the  pulse  width  is  somewhat 
greater  than  the  10-90%  switching  time  tRof  the  RTD  between  the  peak  and  valley  points.  An 
analytic  expression  for  tR  was  derived  in  the  previous  phase  of  this  project,  tR  =4.4AVCyAI, 
where  A V  is  the  difference  between  the  valley  and  peak  voltages,  C  is  the  capacitance  at  the  peak 
point,  and  AI  is  the  difference  between  the  peak  and  valley  currents.  For  the  simulated  RTD,  we 
have  AV  =  0.28  V,  AI  =  6.0  mA,  and  C  =  5.5  fF,  so  that  tR  =  1.1  ps.  The  difference  between  tR 
and  the  generator  pulse  width  is  caused  by  the  fact  that  the  generator  switches  over  a  wider 
voltage  range  between  the  peak  and  a  point  approximately  0.4  V  beyond  the  valley.  Other 
simulated  waveforms  can  be  found  in  Appendix  E. 


Fig.  9.  Simulated  output  waveform  of  RTD  relaxation  oscillator  connected  to  transmission  line 
having  an  electrical  delay  of  3.0  ps. 
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3^.3.  Microwave  Experiments 

The  relaxation  oscillations  were  measured  in  the  time  domain  using  the  set  up  shown  in 
Fig.  7.  The  bias  voltage  used  to  induce  and  maintain  the  oscillation  was  coupled  to  the  RTD 
through  a  broadband  bias  tee.  The  high-frequency  output  port  of  the  tee  was  coupled  to  a 
sampling  oscilloscope  having  an  input  risetime  of  25  ps. 

Shown  in  Fig.  10  is  the  output  waveform  of  a  typical  hybrid  RTD  relaxation  oscillator 
demonstrated  during  this  program.  The  repetition  rate  is  approximately  150  MHz.  As  predicted 
in  the  numerical  simulations,  pulses  of  both  polarities  appear  at  the  output  The  positive-going 
amplitude  is  0.45  V,  and  the  negative- going  amplitude  is  0.25  V.  The  pulse  width  at  the  3-dB- 
down  point  of  both  pulses  is  roughly  25  ps.  This  is  limited  mosdy  by  the  risetime  of  the  S-4 
sampling  head  used  in  these  experiments.  The  highest-frequency  repetition  rate  obtained  with 
the  relaxation  oscillator  was  about  3  GHz.  In  this  case,  the  amplitude  was  also  about  0.5  V  and 
the  pulse  width  was  about  25  ps.  However,  the  oscillating  waveform  looked  quasi-sinusoidal 
rather  than  impulsive. 

For  many  applications,  the  presence  of  pulses  of  both  polarities  is  detrimental.  Two 
examples  are  the  use  of  the  RTD  relaxation  oscillator  to  drive  p-n  junction  heterojunction  diode 
lasers  and  its  use  as  an  on-chip  clock  in  very  high-speed  (e.g.,  ECL)  bipolar  logic  circuits.  In 
both  cases,  one  of  the  pulses  is  either  useless  or  detrimental. 

To  eliminate  the  pulse  of  one  polarity,  we  investigated  the  combination  of  an  RTD 
relaxation  oscillator  emd  a  series  Schottky  diode  biased  near  the  "knee"  of  its  I-V  characteristic. 
The  schematic  diagram  is  shown  in  Fig.  11.  As  connected,  the  series-mounted  Schottky  diode 
prevents  the  passage  of  positive-going  pulses  because  they  are  blocked  by  the  reverse  bias 
applied  to  the  diode.  Negative-going  pulses  are  passed  very  readily  providing  that  the  series 
resistance  of  the  Schottky  diode  is  sufficiently  low. 


mwmturnmmm 


Fig.  10.  Experimental  relaxation  oscillator  waveform  from  hybrid-packaged  RTD  and 
transmission  line. 
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Fig.  1 1.  Schematic  diagram  of  the  resonant-tunneling  transmission-line  relaxation  oscillator  with 

external  Schottky  diode  to  clip  the  pulse  of  one  polarity. 

Fig.  12  shows  an  example  of  the  impulse  generation  achieved  with  the  Schottky-diode 
loaded  RTD  relaxation  oscillator.  The  RTD  used  in  this  case  had  three  graded  quantum  wells  in 
order  to  achieve  a  wide  NDR  region  in  voltage  space.  Such  devices  were  conceived  in  the 
previous  phase  of  this  program  and  are  discussed  further  in  Appendix  F.  The  resulting  impulse 
waveform  had  a  negative-going  amplitude  of  approximately  1.2  V  and  a  full  width  at  the  3-dB 
points  of  approximately  400  ps.  This  pulse  width  is  thought  to  be  limited  by  the  risetime  limit  of 
the  graded-quantum-well  RTD.  Single-well  RTDs  showed  much  narrower  pulse  width, 
comparable  to  the  those  shown  in  Fig.  12,  but  suffered  fiom  reduced  amplitude. 


Fig.  12.  Experimental  clipped  pulse  train  of  RTD/transmission-line  relaxation  oscillator. 
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32.4.  Monolithic  Circuit  Fabrication 

The  monolithic  version  of  the  relaxation  oscillator  was  pursued  in  large  part  by  a  graduate 
student,  Mr.  Christopher  L.  Dennis,  as  part  of  his  Master's  Thesis  in  Electrical  Engineering.  The 
topology  of  the  monolithic  RTD  and  requisite  transmission  line  is  shown  in  Fig.  13.  The  overall 
design  criteria  were  presented  at  the  1993  ISDRS  Meeting  in  Charlottesville,  VA,  summarized 
by  Appendix  G.  The  RTD  is  connected  in  series  with  the  center  conductor  of  a  coplanar 
waveguide  (CPW).  One  end  of  the  CPW  is  short  circuited  and  the  other  end  (not  shown  in  Fig. 
13)  makes  an  abrupt  transition  to  a  high-frequency  output  circuit  through  a  coplanar  launching 
pad.  Because  the  RTD  is  mesa  isolated  (see  below  for  more  discussion  of  fabrication),  both  the 
center  and  ground  conductor  of  the  CPW  abruptly  drop  in  height  from  a  level  at  the  top  of  the 
RTD  mesa  (output  side)  to  a  level  at  the  bottom  of  the  RTD  mesa  (short-circuit  side). 

The  dimensions  of  the  CPW  and  coplanar  pad  were  chosen  to  achieve  a  50-Q 
characteristic  impedance.  In  the  RTD  and  short-circuit  section  of  the  structure,  the  width  of  the 
center  conductor  was  nominally  15  pm  and  the  width  of  the  gaps  was  11  pm.  In  the  coplanar 
pad  section,  the  width  of  the  center  conductor  was  nominally  30  pm  and  the  width  of  the  gaps 
was  21  pm.  At  the  point  of  transition  from  the  CPW  to  the  launch  pad,  a  longitudinal  gap 
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Fig.  13.  Topology  of  monolithic  version  of  RTD/transmission  relaxation  oscillator. 
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Fig.  14.  Fabrication  sequence  for  monolithic  RTD/transmission-line  relaxation  oscillator. 

occurred  between  the  center  conductors  that  was  5-|J.m  long.  The  overall  width  of  the  structure 
(i.e.,  the  separation  between  the  outer  edges  of  the  ground  conductors  of  the  CPW)  was  450  pm, 
which  allowed  microwave  probing  with  commercial  (i.e..  Cascade)  probes.  The  overall  length 
was  varied  to  achieve  three  different  pulse  repetition  rates.  For  5-GHz  repetition  rate,  the  RTD- 
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to-short-circuit  length  was  5644  }jin.  For  20-  and  100-GHz  repetition  rate,  this  length  was  1411 
and  282  pm,  respectively. 

The  fabrication  sequence  of  the  monolithic  RTD  relaxation  oscillator  is  outlined  in  Fig. 
14.  The  first  step  was  to  grow  the  RTD  epitaxial  layers  on  a  semi-insulating  GaAs  substrate. 
This  was  done  by  molecular-beam  epitaxy  at  a  growth  temperature  of  600’C.  The  second  step, 
shown  in  Fig.  14(b),  defines  the  mesa  structure.  First,  a  stripe  is  patterned  in  positive  photoresist 
by  optical  lithography.  Then  PA-1 1  is  used  to  wet  etch  through  one  side  of  the  active  region  of 
the  RTD  using  the  photoresist  as  a  mask.  The  etch  depth  was  nominally  1  |im 

The  third  step,  shown  in  Fig.  14(c),  defines  the  form  of  the  top  and  bottom  ohmic 
contacts  of  the  RTD.  This  step  was  carried  out  by  patterning  positive  photoresist  with  a  1.5x30 
micron  rectangular  hole  over  the  top  of  the  RTD  mesa  and  a  3x30  micron  hole  over  the  bottom. 
In  the  next  step  of  Fig.  14(d),  a  metallization  consisting  of  30/40/340  Ni/Ge/Au  was  deposited 
over  the  entire  structure  by  evaporation.  Then  the  photoresist  was  dissolved,  lifting  off  the  metal 
everywhere  except  in  the  rectangular  holes. 

The  fifth  step,  shown  in  Fig.  14(e),  involved  proton  bombardment  to  insulate  the  GaAs 
material  everywhere  except  in  the  current  path  between  the  RTD  and  the  bottom  ohmic  pad. 
During  this  step,  the  active  area  of  the  RTD  had  to  be  masked  off  very  carefully  to  avoid  damage. 
The  final  step  entailed  the  photolithography,  deposition,  and  lift-off  of  interconnect  metal  that 
formed  the  CPW  structure  and  coupled  this  structure  to  the  top  and  bottom  ohmic  contacts. 

One  fabrication  run  was  completed  with  the  process  outlined  above.  The  fabrication  was 
completed  on  an  RTD  having  the  epitaxial  structure  shown  in  Table  I.  The  barriers  have  an 
aluminum  fraction  of  70%,  which  was  found  in  previous  experience  to  yield  very  good  peak-to- 
valley  current  ratio  (>4)  at  intermediate  peak  current  density  (Jp  «  lO^  A  cm-2). 


Table  I.  Material  characteristics  of  RTD  structure 


Material 

Thickness  (nm) 

Doping  Concentration 

GaAs 

500 

5x1018  cm-3 

GaAs 

100 

5x1018  cm-3 

GaAs 

10 

undoped 

Alo.7Gao.3As 

2.0 

undoped 

GaAs 

4.8 

undoped 

Alo.7Gao.3As 

2.0 

undoped 

GaAs 

10 

undoped 

GaAs 

100 

5x1018  cm-3 

GaAs 

500 

5x10^8  cm-3 

GaAs 

substrate 

undoped 
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Fig.  15.  Experimental  I-V  curve  of  RTD  in  monolithic  RTD/transmission-line  chip. 

3J.5.  Monolithic  Circuit  Testing 

Unfortunately,  the  project  did  not  run  long  enough  to  achieve  good  results  with  the 
monolithic  RTD  relaxation  oscillator.  Only  one  wafer  was  fabricated,  which  yielded  RTDs 
having  the  I-V  characteristics  shown  in  Fig.  15.  Although  the  peak  current  of  the  device  was 
close  to  the  expectation,  the  PVCR  was  only  about  2.  We  believe  that  this  was  the  result  of  poOT 
surface  morphology  in  the  MBE  growth.  Consequently,  none  of  the  relaxation  oscillators 
worked  as  designed,  although  various  types  of  oscillations  were  observed  on  external  circuitry. 
For  example,  by  connecting  the  relaxation  oscillator  chip  to  an  external  bias  tee  and  length  of 
coaxial  line,  a  pulse  train  was  generated  having  a  repetition  rate  of  294  MHz  and  an  amplitude  of 
0.1  V. 


4.  REVIEW  ARTICLES 

During  the  course  of  this  program,  one  review  article  was  completed  entitled  "High- 
Speed  Resonant-Tunneling  Diodes."  It  appears  in  this  report  at  Appendix  H.  This  article 
concentrated  on  the  device  physics,  particularly  the  high-j&equency  effects,  in  RTDs. 
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5.  PROFESSIONAL  PERSONNEL 


During  this  program,  the  following  personnel  were  involved  to  some  degree  in  the  research: 


Name 

Contribution 

E.  R.  Brown 

LTG-GaAs  photomixer  design  and  testing; 

RTD  relaxation  oscillator  design  and  testing 

F.  W.  Smith 

LTG  GaAs  growth  by  MBE 

A.  R.  Calawa 

RTD  growth  by  MBE 

M.  J.  Manfra 

MBE  support 

K.  B.  Nichols 

LTG  GaAs  and  MBE  growth 

C.  D.  Parker 

RTD  testing 

K.  A.  McIntosh 

LTG-GaAs  photomixer  testing 

L.  J.  Mahoney 

Photomixer  and  RTD  fabrication 

K.  M.  Molvar 

Photomixer  and  RTD  fabrication 

In  addition,  a  Northeastern  student,  Christopher  L.  Dennis,  carried  out  the  research  for  a  Master's 
thesis,  entitled  "Resonant-Tunneling  Transmission  Lines,"  between  the  period  September  1993 
and  June  1994.  In  June  1994  he  was  awarded  an  MIT  Master  of  Science  for  this  work. 

6..  INTERACTIONS 


O.  CONFERENCE  PAPERS 

The  following  is  a  list  of  papers  given  by  the  above  personnel  in  the  period  1  October 
1992  through  30  September  1994  on  subjects  relevant  to  this  program: 

[  1]  "Quasioptical  Techniques  for  Utilizing  Resonant-Tunneling  Diodes  at  Frequencies 

Approaching  1  THz,"  1992  Annual  Meeting  of  the  Optical  Society  of  America, 
Albuquerque,  NM,  22  Sept.,  1992. 

[2]  "Resonant  tunneling  relaxation  oscillator",  OSA  Meeting  on  Ultrafast  Electronics  and 
Optoelectronics,  San  Francisco,  CA,  January  1993. 

[3]  "Coherent  microwave  generation  with  low-temperature-grown  GaAs  photomixers,"  R  R. 
Brown,  F.  W.  Smith,  K.  A.  McIntosh,  M.  J.  Manfra,  MRS  Symposium,  San  Francisco, 
CA,  April  1993. 

[4]  "High-Speed  Resonant  Tunneling,"  International  Workshop  on  Resonant  Tunneling, 
National  Cheng  Kung  University,  Tainan,  Taiwan,  26-28  July,  1993  (presentation  by 
Prof.  H.C.  Lin). 

[5]  "  Resonant  tunneling  transmission  lines,"  C.L.  Dennis,  E.  R.  Brown,  and  S.  Prasad, 
Proceedings  of  the  2nd  International  Semiconductor  Etevice  Research  Symposium, 
Charlottesville,  VA,  December  1993. 

[6]  "Optical-Heterodyne  Generation  in  Low-Temperature-Grown  GaAs  Photomixers  up  to  1.2 

THz,"  SPIE  Symposium  on  Nonlinear  Optics  for  High-Speed  Electronics,  Los  Angeles, 
CA,  25  Jan.  1994. 

[7]  "Novel  Devices  for  Terahertz  Generation  and  Radiation,"  Fifth  International  Symposium 
on  Space  Terahertz  Technology,  Ann  Arbor,  MI,  10  May  1994. 
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6.2.  UNIVERSITY  CQLLQQUIA 


Several  university  seminars  have  been  given  under  the  support  of  this  program.  All  were  on  the 
subject  of  either  high-speed  resonant-tunneling  or  the  physics  and  technology  of  LTG-GaAs 
photomixers.  In  each  case,  the  host  organization  requested  that  the  speaker  emphasize  specific 
technical  aspects  of  resonant  tunneling. 


Host  Institution 
(Location.  Date") 

Technical  Emphasis 

Northeastern  University 
(Boston,  MA,  OcL  1992) 

Device  Physics  of  Resonant 
Tunneling 

Columbia  University 
(New  York,  NY,  Dec.  1992) 

High-Speed  Transport  in 
(^antum-Well  Structures 

University  of  New  Mexico 
(Albuquerque,  NM,  May  1993) 

Applications  of  Low-Temperature- 
grown  GaAs 

University  of  Massachusetts 
(Amherst,  MA,  June  1993) 

Novel  Quantum-Well  Infrared 
Detectors 

Rennselaer  Polytechnic  Institute 
(Troy,  NY,  Dec.  1993) 

High  Speed  Resonant  Tunneling 

Duke  University 
(Durham,  NC,  Feb.  1994) 

Novel  Terahertz  Solid-State  Sources 

Massachusetts  Institute  of  Technology 
(Cambridge,  MA,  March  1994) 

Photomixing  in  LTG  GaAs  up  to 

3.8  THz 
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6.3.  COLLABORATIONS 


Over  Ae  course  of  this  program,  the  following  collaborations  have  been  established  with 
orgamzations  outside  of  MIT  and  Lincoln  Laboratory.  They  included  both  industrial 
collaborations  and  interactions  with  other  government  labs  and  academic  institutions: 


LTG-GaAs  photomixers 


Organization  (Time  Period) 

Technology 

Collaborator 

NIST  Boulder  (1994  -) 

LTG-GaAs  photomixers 
for  frequency  metrology 

Dr.  Leo  Hollberg 

NIST  Gaithersburg  (1994  - ) 

Drs.  Rick  Suenram 
and  Alan  Pine 

NASA  Jet  Propulsion  Lab  (1993  -) 

THz  solid-state  local 
oscillators 

Dr.  Verendra  Sarohia 

Resonant  tunneling  devices 


Organization  (Time  Period) 

Project 

Collaborators  I 

Umversity  of  Virginia  (1992  -  1994) 

Schottky-gated  resonant¬ 
tunneling  transistor 

Rockwell  Science  Center  (1992  - ) 

Heterostructure-transistor, 
resonant-tunneling  logic 

Northeastern  Univ.  (1992  -  1994) 

Resonant-tunneling 
transmission  lines 

Prof.  Sheila  Prasad 
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Coherent  millimeter-wave  generation  by  heterodyne  conversion 
in  low-temperature-grown  GaAs  photoconductors 

E.  R.  Brown,  F.  W.  Smith,  and  K.  A.  McIntosh 

Lincoln  Laboratory,  Massachusetts  Institute  of  Technology,  Lexington,  Massachusetts  02173-9108 

(Received  13  February  1992;  accepted  for  publication  21  October  1992) 

An  analysis  has  been  carried  out  of  optical  heterodyne  conversion  with  an 
interdigitated-electrode  photomixer  made  from  low-temperature-grown  (LTG)  GaAs  and 
pumped  by  two  continuous-wave,  frequency-offset  pump  lasers.  The  analytic  prediction  is  in 
excellent  agreement  with  the  experimental  results  obtained  recently  on  a  photomixer  having 
1.0-^m-wide  electrodes  and  gaps.  The  analysis  predicts  that  a  superior  photomixer  having 
0.2-/im-wide  electrodes  and  gaps  would  have  a  temperature-limited  conversion  efficiency  of 
2.0%  at  a  low  difference  frequency,  1.6%  at  94  GHz,  and  0.5%  at  300  GHz  when  connected  to 
a  broadband  100  H  load  resistance  and  pumped  at  hv=2.0  eV  by  a  total  optical  power  of  50 
mW.  The  predicted  3-dB  bandwidth  (193  GHz)  of  this  photomixer  is  limited  by  both  the 
electron-hole  recombination  time  (0.6  ps)  of  the  LTG-GaAs  material  and  the  RC  time  constant 
(0.5  ps)  of  the  photomixer  circuit. 


I.  INTRODUCTION 

Since  the  development  of  lasers,  optical  heterodyne 
conversion  (photomixing)  has  been  very  useful  for  coher¬ 
ent  detection  in  many  regions  of  the  electromagnetic  spec¬ 
trum.  Photomixing  was  also  proposed  as  a  technique  for 
generating  coherent  radiation  in  the  microwave  and 
millimeter- wave  regions,'  and  interest  in  this  technique  has 
been  revived  recently  by  the  advances  in  high-speed  III-V 
device  technology. Of  the  two  applications,  coherent 
generation  has  been  much  less  useful  than  coherent  detec¬ 
tion,  because  of  the  lack  of  a  suitable  photomixer.  Al¬ 
though  difference  frequencies  have  been  generated  up  to  61 
GHz,^  the  generated  power  has  been  severely  limited  by  at 
least  one  of  several  factors,  such  as  low  photomixer  band¬ 
width,  poor  optical  power  coupling,  impedance  mismatch 
between  the  photomixer  element  and  the  load  circuit,  and 
degradation  of  the  photomixer  properties  at  high  optical 
pump  power.  In  this  paper,  we  analyze  a  photomixer  that 
could  alleviate  all  of  these  limitations  and  thereby  provide 
milliwatt  levels  of  continuous- wave  (cw)  power  over  a 
very  wide  operating  bandwidth  in  the  millimeter-wave  re¬ 
gion. 

The  physical  basis  for  the  proposed  photomixer  is 
electron-hole  pair  generation  by  photon  absorption  in  low- 
temperature-grown  (LTG)  GaAs  or  InGaAs.  The  LTG 
GaAs  has  recently  displayed  the  remarkable  photoconduc- 
tive  properties  of  subpicosecond  electron-hole  recombina¬ 
tion  time'*  r  and  high  dc  breakdown  field  (£'j}>lxl0^ 
V  cm”').^  In  addition,  it  displays  a  high  photocarrier  mo¬ 
bility  (fi^200  cm^  V~'s“')  relative  to  semiconductors 
having  a  comparable  recombination  time.  Together  these 
properties  have  led  to  some  impressive  optoelectronic  re¬ 
sults,  such  as  the  generation  of  a  600-V-peak  pulse  having 
a  full  width  at  half-maximum  of  2  ps,^  and  the  direct  de¬ 
tection  of  intense  subpicosecond  laser  pulses  with  a  respon- 
sivity  of  0. 1  A/W.^ 

II.  LTG-GaAs  PHOTOMIXER 

The  photomixer  consists  of  two  sets  of  interdigitated 
metal  electrodes  deposited  on  the  top  surface  of  the  LTG 


material,  as  in  the  direct  detector  of  Ref.  6.  A  cross- 
sectional  view  of  the  electrode  configuration  is  shown  in 
Fig.  1(a).  The  band  bending  at  the  metal-semiconductor 
junctions  is  assumed  to  be  small,  so  that  the  photocarrier 
collection  process  is  photoconductive  rather  than  photo¬ 
voltaic.  This  is  consistent  with  the  experimental  results 
obtained  to  date  on  LTG-GaAs  detectors.  Therefore,  the 
photomixer  can  be  represented  electrically  by  a  photocon¬ 
ductance  Gp  that  is  a  function  of  the  absorbed  optical 
power.  Because  the  essential  photoconductive  properties  of 
the  LTG  GaAs — the  absorption  strength,  mobility,  and 
recombination  time — are  practically  independent  of  the 
electrode  voltage,  Gp  can  be  approximated  as  an  ohmic 
conductance.  In  the  equivalent  circuit  in  Fig.  1(b),  (//>  is 
connected  in  series  with  a  small  (contact)  resistance  R^. 
Both  elements  appear  in  parallel  with  a  capacitance  C  that 
is  a  function  of  the  electrode  geometry  and  the  dielectric 
constant  of  the  photoconductive  material.  This  capacitance 
can  be  derived  from  electrostatic  theory.^  The  electrodes 
are  connected  to  a  planar  distributed  circuit,  such  as  a 
broadband  spiral  antenna,  or  a  coplanar  waveguide.  In 
both  cases,  the  planar  circuit  can  be  represented  electri¬ 
cally  over  a  very  broad  bandwidth  by  the  resistance 
The  electrical  bias  for  the  circuit  is  supplied  by  the  voltage 
source  Vg, 

For  simplicity,  we  make  the  following  assumptions 
concerning  the  interdigitated  photomixer:  (1)  the  elec¬ 
trodes  are  opaque  to  the  incident  radiation  and  (2)  the 
instantaneous  optical  power  absorbed  per  unit  volume  and 
the  bias  electric  field  Ep  between  the  electrodes  are  both 
uniform  in  a  volume  defined  laterally  by  the  area  of  the 
gaps  and  vertically  to  a  depth  of  La-  Thus,  Gp  can  be 
approximated  as 

Gp::::tne{fi^+H^)Ng{L^La)/Wg,  (1) 

where  n  is  the  instantaneous  photocarrier  pair  density 
throughout  the  absorption  volume,  and  /x*  are  the  elec¬ 
tron  and  hole  mobilities,  respectively,  Ng  is  the  number  of 
gaps,  is  the  length  of  the  electrodes,  and  Wg  is  the  width 
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(a) 


FIG.  1.  (a)  Interdigitated  electrode  configuration  of  photomixer.  The 
bias  voltage  is  applied  between  adjacent  electrodes,  such  that  electrons 
generated  in  the  gap  between  them  drift  toward  one  electfdde  and  the 
holes  to  the  other,  thus  driving  a  photocurrent  in  an  external  circuit,  (b) 
Equivalent  circuit  of  the  photomixer  and  external  broadband  load  circuit. 


of  the  gaps  between  the  electrodes.  The  photocarrier  den¬ 
sity  is  the  solution  to 

dn _ rj^ _ n 

dt  hvLaL^{N^g-\-N^e)  t 

where  is  the  external  quantum  efficiency  (number  of 
photocarrier  pairs  generated  per  incident  photon ) ,  P,  is  the 
optical  power  incident  on  the  detector,  hv  is  the  photon 
energy,  is  the  width  of  the  electrodes,  P/ L^iN^g 
+N^g)  is  the  incident  optical  intensity,  and  Ng  is  the 
number  of  illuminated  electrodes.  According  to  the  as¬ 
sumptions,  we  also  have  the  relation 

Vi  (3) 

N^^g+Njujg  ’ 

where  t  is  the  power  transmissivity  at  the  top  air-GaAs 
interface  and  77 ,■  is  the  internal  quantum  efficiency  ( number 
of  photocarrier  pairs  generated  per  photon  entering  the 
photomixer  material). 

III.  OPTICAL  HETERODYNE  CONVERSION 

The  photomixing  process  occurs  by  illuminating  the 
interdigitated-electrode  region  with  two  single-mode  cw  la¬ 
ser  beams  having  average  powers  P 1  and  Pi  and  frequencies 
vi  and  V2,  respectively.  The  instantaneous  optical  power 
incident  on  the  photomixer  is  given  by* 

p.=Po+2  VwP^[cos  2ir(v2-v,)r 
-fcos  2ir(v24-vi)f], 

where  Po=^i  +^2  is  the  total  incident  power  averaged  over 
a  long  time  period,  and  m  is  the  mixing  efficiency  that 
ranges  in  value  between  0  and  1  depending  on  the  spatial 


overlap  of  the  two  laser  beams.  In  the  present  analysis,  /iv, 
and  /1V2  are  greater  than  the  room-temperature  GaAs 
band-gap  energy  (1.42  eV),  but  are  close  enough  in  mag¬ 
nitude  (v2=rvisv)  that  the  difference  frequency  /=lv2 
—  V,  I  is  in  or  near  the  microwave  band.  In  this  case,  the 
last  term  in  Eq.  ( 1 )  varies  on  a  time  scale  much  shorter 
than  r,  and  thus  does  not  modulate  the  photoconductance 
significantly.  By  neglecting  this  term  and  substituting  Eq. 
(4)  into  Eq.  (2),  we  obtain  the  solution 


n(f)  = 


hvALa 


2  -ImPxPi  sin(cjr-j-(^) 
Pq^\+coV  I’ 


(5) 


where  co=2'irf,  (^=tan  '(1/(Ut),  and  A  LgiN^Wg 
-t- N gWg)  is  the  active  area.  By  substituting  this  expression 
into  Eq.  (1)  and  applying  Eq.  (3),  we  obtain  the  time- 
dependent  conductance 

r]itTeN]{iJ.g+n^)Po  I  2  ^mPiP2smi6}t+(f>)\ 

hv{N^g-^N^g)^  [ ' ^  Po^l+co^T^  j 


sGo[l-f^sin(6)r-f(^)].  (6) 

At  low  optical  power  levels  Gq  is  related  to  the  short- 
circuit  external  responsivity  S  by 

GqVb  VfreN\itig+Ph)'^B 

hviNgU,g+NgWg)^  ■ 

This  expression  is  useful  for  relating  the  intrinsic  material 
properties  to  the  measured  responsivity. 

The  time-dependent  conductance  modulates  the  bias 
current  from  Vg  at  frequency /and  thus  delivers  power  to 
Riat  this  frequency.  This  power  is  found  by  solving  the 
dynamic  current  equation  for  the  circuit  in  Fig.  1(b). 
From  the  Kirchoff  current  law,  we  write  the  time- varying 
voltage  V  across  the  photomixer  element  as  the  solution  to 
the  following  differential  equation; 


dv  Vg-v  _ V _  . 

dt  RiC  C[/?5-|-G^  (t)] 

For  Gp  in  the  form  of  Eq.  (6),  this  equation  cannot  be 
solved  in  closed  form.  However,  a  useful  approximate  so¬ 
lution  is  obtained  by  assuming  that  v  is  harmonic  (i.e., 
i;=Z)+£'sina)r-f/’costuf,  where  D,  E,  and  F  are  con¬ 
stants),  by  setting  <f>  to  zero,  and  by  neglecting  Rg-  The 
phase  of  v  pan  be  zero  without  loss  of  generality  since  the 
phase  of  the  photocarrier  density  is  arbitrary.  However, 
neglecting  Rg  is  valid  only  if  GoRg<l  and  Ri/Rg>l.  By 
substituting  the  harmonic  voltage  into  Eq.  (8)  and  drop¬ 
ping  the  terms  varying  with  time  as  Icot,  we  find 


Pa, 

|(  VgGoP)^Rd  (  \  +  GoRl)^+  (coRlC)-] 

^  {l  +  GoRL)Hii  +  GQRLd+(coRLCd--2iGdiifi)^V 


(9) 

This  expression  has  the  following  expected  properties. 
First,  for  fixed  a,  R^,  and  Pq,  the  value  of  Pg,  is  maximized 
for  m=l  and  Px  =  Pi=Po/2.  Second,  in  the  small-signal 
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limit,  where  GqRi^<\,  and  under  the  assumption  that  is 
maximized  as  just  described,  Eq.  (9)  reduces  to 

=  VsGo)^Rl/[  1  +«V]  [  1  + 

which  is  the  result  that  one  would  obtain  from  small-signal 
photoconductor  theory.®  Third,  in  the  limit  of  high  fre¬ 
quencies,  where  6>t>1  and  coRiC^X,  the  above  small- 
signal  expression  for  reduces  to  {V^G^i^/oi^iTRiC)^. 
Since  the  difference-frequency  power  is  dropping  at  12  dB/ 
octave  in  this  limit,  it  is  very  important  for  the  photomixer 
to  have  low  r  and  C. 

A  quantity  of  practical  importance  is  the  conversion 
efficiency,  e^^PJPo-  In  the  limit  (a-*0,  the  efficiency  Cq 
displays  a  maximum  with  respect  to  Pq  at  GosO.SS?//?^ 
and  Vg  =  where  is  the  maximum  voltage  that 
can  be  applied  between  adjacent  electrodes  without  electri¬ 
cal  breakdown.  The  resulting  maximum  conversion  effi¬ 
ciency  is  given  by 

^_0.056( 

^0.056£'L,77,rTe(^,-|-/rA) 

where  E'^ax  is  maximum  electric  field  that  the  LTG 
material  can  withstand  in  the  absence  of  illumination.  An 
important  aspect  of  Eq.  (10)  is  that  in  the  limit  of  low 
contact  obscurity  (i.e.,  w/Wg^l.O),  and  when  N^~Ng  (as 
in  a  multiple-electrode  photomixer),  eo**  depends  only  on 
the  intrinsic  properties  of  the  LTG  material  and  not  on  the 
electrode  configuration.  Another  aspect  is  that  the  maxi¬ 
mizing  value  Go =0.3  87/2?  i  is  substantially  smaller  than  it 
would  be  (viz.,  Gq =/?£*)  in  the  small-signal  limit.  This  is 
beneficial  for  power  generation  in  the  millimeter-wave 
band,  where  it  is  difficult  to  obtain  broadband  planar  an¬ 
tennas  or  transmission  lines  having  R^  greater  than  a  few 
hundred  ohms. 

IV.  COMPARISON  WITH  EXPERIMENT 

We  have  recently  fabricated  LTG-GaAs  interdigitated 
photomixers  and  have  measured  the  output  power  as  a 
function  of  pump  power  with  pump  photon  energies  near 
1.6  eV  and  a  difference  frequency  of  200  MHz.’  The  pho¬ 
tomixer  consisted  of  ten  1.0-/im-wide  electrodes  and  nine 
1.0  fim  gaps.  The  electrode  length  was  20.0  /xm.  The  1.0- 
/xm-thick  LTG-GaAs  epitaxial  layer  was  grown  by 
molecular-beam  epitaxy  on  a  semi-insulating  (100)  GaAs 
substrate  at  a  temperature  of  195  °C.  From  previous  char¬ 
acterization  on  material  grown  under  the  same  conditions, 
this  LTG  GaAs  is  expected  to  have  a  t  of  approximately 
0.6  ps  and  an  of  approximately  5x  10^  V  cm”'.  The 
photomixer  was  fabricated  in  the  gap  of  a  50-0  coplanar 
waveguide,  which  was  connected  to  a  50-0  coaxial  trans¬ 
mission  line  to  measure  the  output  power. 

Shown  in  Fig.  2  is  the  experimental  output  power  at 
200  MHz  and  Fg=36  V  for  four  different  pump  powers  of 
25,  50,  100,  and  170  mW.  The  output  power  increases  from 
—  20.0  to  —8.4  dBm  as  Pq  increases  from  25  to  170  mW. 


FIG.  2.  Comparison  of  experimental  output  power  (circles)  and  theoret¬ 
ical  prediction  (solid  line)  for  a  photomixer  having  ten  1.0-/im-wide  elec¬ 
trodes  and  nine  1.0-/tm-wide  gaps  (Ref.  9).  The  dashed  lines  represent 
loci  of  constant  conversion  efficiency. 

The  conversion  efficiency  increases  from  0.040%  to 
0.085%  over  the  same  range.  The  experimental  results  are 
compared  to  the  theoretical  curve  calculated  from  Eq.  (9) 
with  the  parameters  jS=l,  Gq=SPq/V g,  5=0.026  A/W 
(measured  at  ^^=36  V),  Ri—SO  Cl,  and  C=6.1  fF  (cal¬ 
culated  from  a  standard  formula’).  Over  the  given  range 
the  theoretical  curve  is  very  nearly  quadratic  with  Pq.  At 
the  lowest  pump  power,  the  theoretical  P^  is  in  excellent 
agreement  with  the  experiment.  However,  the  discrepancy 
between  theory  and  experiment  grows  with  increasing  Pq. 

When  the  experimental  pump  power  was  increased 
slightly  beyond  170  mW,  the  photomixer  was  destroyed 
because  of  excessive  heating.’  The  increase  in  device  heat¬ 
ing  with  Pq  also  explains  the  subquadratic  dependence  of 
the  photomixer  experimental  output  power.  Above  room 
temperature,  the  photocarrier  mobility  should  decrease 
with  increasing  operating  temperature  because  of  phonon 
scattering.  We  expect  that  17,  and  t  should  also  vary  with 
temperature,  but  much  more  slowly  than  the  mobility. 
Thus,  Gq  defined  in  Eq.  (6)  will  vary  sublinearly  with  Po, 
leading  to  a  subquadratic  dependence  of  P^  on  Pq  in  Eq. 
(9).  This  is  consistent  with  the  experimental  observation 
that  the  responsivity  decreased  with  Pq  over  the  range  of 
25-170  mW.  By  Eq.  (7),  the  responsivity  would  be  con¬ 
stant  if  Gq  were  linear  in  Pq. 

A  rough  estimate  of  the  temperature  at  the  surface  of 
the  photomixer  is  obtained  by  assuming  that  the  GaAs 
substrate  is  semi-infinite  and  that  all  of  the  optical  pump 
power  is  absorbed  in  an  infinitesimal  layer  just  below  the 
photomixer  surface.  This  leads  to  a  temperature  rise  at  the 
surface  of  AT ~{P^+P£)/2kD  (Ref.  10),  where  P^  is  the 
absorbed  optical  power,  Pg  is  the  dissipated  electrical 
power,  K  is  the  room-temperature  thermal  conductivity  of 
GaAs  (0.46  Wcm”'K”'),  and  D  is  the  width  of  the 
active  area  of  the  photomixer  (assumed  to  be  square).  The 
operating  temperature  is  thus  Tq^=Tq-\-AT,  where  Tq  is 
the  ambient  temperature.  With  the  present  assumptions. 
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we  have  =  At  the  photon  en¬ 

ergy  of  1.6  eV,  /~0.67,‘'  so  that  P^:=:0.33/o-  For  ^^=36 
V  and  Pq=\10  mW,  the  experimental  value  of  P^  was  104 
mW.  Thus,  at  7’o=25  °C  the  approximate  of  the  given 
photomixer  was  1 12  °C. 

V.  SUBMICRON-GAP  PHOTOMIXER 

A  photomixer  having  an  output  power  exceeding  1 
mW  and  a  conversion  efficiency  exceeding  1%  would  be 
very  desirable  for  millimeter- wave  (/>30  GHz)  applica¬ 
tions.  To  achieve  this  level  of  performance,  a  photomixer 
having  higher  responsivity  is  required.  Of  all  the  photo¬ 
mixer  parameters  in  Eq.  (7),  the  responsivity  is  most  sen¬ 
sitive  to  the  electrode  and  gap  widths.  Therefore,  we  con¬ 
sider  the  structure  studied  by  Chen  et  al.^  as  a  direct 
detector  that  had  20  electrodes  with  w^=0.2  /rm  and  19 
gaps  with  Wg=0.2  [xm.  The  electrode  length  was  6.5  fim. 
The  measured  detector  parameters  at  hv=2.0  eV  and 
Vg=8  V  were  t=0.6  ps,  t=0.59,  7j,=0.68,  and  5=0.1 
A/W.  The  electrode  capacitance  was  4.9  fF.  Inserting 
these  parameters  into  Eqs.  (1)  and  (6),  we  calculate  the 
photocarrier  mobility  /j.g+/i^=l67  cm^  V~*  s~'. 

Operating  as  a  photomixer,  the  0.2-^m-gap  structure 
provides  the  theoretical  performance  characteristics  shown 
in  Fig.  3.  No  consideration  is  given  to  device  heating.  In 
Fig.  3(a),  we  plot  the  output  power  according  to  Eq.  (9) 
as  a  function  of  Pq  in  the  limit  <u  -»0  for  values  of  of  50, 
1(X),  and  200  Cl.  At  low  values  of  Pq,  the  photomixer  out¬ 
put  power  increases  between  /?^=50  and  200  fl.  At  high 
values  of  Po,  this  trend  reverses  for  reasons  explained  by 
the  plots  of  €o  vs  Pq  in  Fig.  3(b).  For  each  Ri,  eo“  is 
4.6%.  However,  the  pump  power  required  to  attain  Co®*, 
varies  inversely  with  R  4.  This  is  related  to  large-signal 
impedance  matching  between  the  photomixer  and  the  load 
resistance.  From  the  results  of  Sec.  Ill,  we  can  write 
=  0.381  Vg/SRi^.  Consequently,  within  a  given  set  of 
load  resistances,  the  largest  Ri  yields  the  highest  conver¬ 
sion  efficiency  up  to  the  corresponding  Eq  higher 

levels  of  Pq,  lower  values  of  Ri  will  yield  the  highest  con¬ 
version  efficiency  and  output  power. 

We  include  the  effect  of  device  heating  by  constraining 
the  operating  temperature  to  112°C,  consistent  with  the 
estimate  derived  at  the  end  of  Sec.  IV.  Using  the  same 
estimation  procedure,  we  find  that  the  highest  total  power 
that  can  be  dissipated  in  the  0.2-jum-gap  photomixer  is  57 
mW.  Using  the  approximation  Pg:s^SPQV g  and  the  relation 
P^=0.33Pq  (since  w^=Wg  for  the  0.2-^m-gap  photo¬ 
mixer),  we  find  that  the  highest  optical  power  is  50  mW. 
As  shown  in  Fig.  3,  this  optical  power  yields  a 
temperature-limited  output  power  and  conversion  effi¬ 
ciency  of  0.6  mW  and  1.1%,  respectively,  for  Ri  =  50  Cl; 
1.0  mW  and  2.0%,  respectively,  for  2J£=100  Cl;  and  1.6 
mW  and  3.2%,  respectively,  for  Ri  =  200  Cl.  In  each  case 
the  conversion  efficiency  falls  short  of  the  4.6%  maximum 
because  of  the  temperature  constraint. 

In  Fig.  4  the  frequency-dependent  conversion  effi¬ 
ciency,  is  plotted  for  Fo=50  mW  and  the  same  values 
of  /?£.  For  5^  =  50  Cl,  the  3  dB  bandwidth  is  235  GHz, 
which  is  limited  primarily  by  the  effect  of  r.  For  2?^=  100 
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no.  3.  (a)  Calculated  photomixer  output  power  versus  optical  pump 
power  for  an  interdigitated-electrode  configuration  having  20  0.2-/im- 
wide  electrodes  and  19  0.2-/jm-wide  gaps  (Ref.  6).  (b)  Calculated  het¬ 
erodyne  conversion  efficiency  vs  optical  pump  power  for  the  same  phot¬ 
omixer  as  in  (a). 


ft,  the  3  dB  bandwidth  is  193  GHz,  which  is  limited  almost 
equally  by  r  and  by  the  time  constant  Ri^C=0.5  ps.  For 
/?£=2(X)  ft,  the  bandwidth  is  139  GHz,  which  is  limited 
primarily  by  R^C.  With  a  bandwidth  exceeding  100  GHz, 
the  LTG-GaAs  photomixer  would  be  very  useful  as  a 
millimeter-wave  sweep  oscillator  in  diagnostic  applications 
or  as  a  frequency-agile  source  in  millimeter-wave  commu¬ 
nications  systems. 

VI.  MODIFICATIONS  OF  PHOTOMIXER  DESIGN 

Two  modifications  of  the  basic  photomixer  structure  in 
Fig.  1(a)  would  alleviate  the  heating  problem  and  lead  to 
a  substantial  improvement  in  the  performance  of  the  LTG- 
GaAs  photomixer.  First,  the  responsivity  could  be  en¬ 
hanced  by  increasing  the  internal  quantum  efficiency  and 
the  transmissivity  through  the  top  air-semiconductor  in¬ 
terface.  Second,  the  operating  temperature  of  the  photo¬ 
mixer  could  be  greatly  reduced  by  increasing  the  thermal 
conductance  away  from  the  active  region.  For  example,  r;, 
would  approach  unity  by  embedding  a  GaAs/AlGaAs  di- 
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FIG.  4.  Calculated  heterodyne  conversion  efficiency  versus  difference  fre¬ 
quency  for  the  photomixer  in  Fig.  3.  The  total  optical  pump  power  was 
fixed  at  50  mW,  consistent  with  the  estimated  maximum  operating  tem¬ 
perature  of  112  °C. 


electric  mirror  between  the  LTG  epitaxial  layer  and  the 
GaAs  substrate.  The  transmissivity  would  approach  unity 
by  depositing  a  quarter-wave  antireflection  coating  on  the 
top  surface  made  out  of  a  transparent  dielectric  material 
such  as  Si3N4.  To  see  the  effect  of  these  modifications,  we 
have  projected  the  performance  of  the  0.2-/im-gap  photo¬ 
mixer,  assuming  t  and  77,=  1-0.  In  this  case,  we  calculate 
5=0.25  A/W  and  eo“=ll-3%.  The  maximum  conver¬ 
sion  efficiency  is  attained  at  /o=247  mW  for  Ri=50  ft, 
Po=124  mW  for  /?i=100  ft,  and  Po=6l  mW  for  Ri_ 
=200  ft.  However,  inclusion  of  the  temperature  constraint 
of  112  ’C  reduces  the  allowable  pump  power  to  24  mW. 
This  yields  a  temperature-limited  output  power  and  con¬ 
version  efficiency  of  0.8  mW  and  3.3%,  respectively,  for 
Rl=50  ft;  1.4  mW  and  5.7%,  respectively,  for  Ri^=\00 
ft;  and  2.1  mW  and  8.8%,  respectively,  for  Ri=2QO  ft. 
Although  the  heating  constraint  again  precludes  the  attain¬ 
ment  of  e^,  the  temperature-limited  output  power  and 
conversion  efficiency  are  more  than  doubled  over  their  re¬ 
spective  values  in  Sec.  V  because  of  the  enhanced  respon- 
sivity. 

An  effective  way  to  increase  the  thermal  conductance 
away  from  the  active  region  would  be  to  fabricate  the  pho¬ 
tomixer  on  a  substrate  having  a  higher  k  than  GaAs.  This 
could  be  done  by  bonding  the  LTG-GaAs  epitaxial  layer  to 
the  preferred  substrate,  removing  the  GaAs  substrate,  and 
then  fabricating  the  interdigitated  structure.  A  promising 
substrate  material  is  SiC,  which  has  a  room  temperature  #c 
that  is  nearly  eight  times  that  of  GaAs.  The  greatest  impact 
of  this  technique  would  be  on  the  performance  of  low-ZJ^ 
photomixers. 

VII.  CONCLUSION 

It  is  important  to  point  out  two  advantages  of  the  LTG 
GaAs  over  alternative  photoconductive  materials,  such  as 


semi-insulating  or  ion-bombarded  GaAs,  for  the  photomix¬ 
ing  application.  First,  in  the  LTG  GaAs  the  breakdown 
electric  field  is  approximately  5x10^  Vcm^',  whereas  in 
the  other  photoconductive  materials  it  is  roughly  three 
times  lower.  According  to  Eq.  (10),  this  affects  the  maxi¬ 
mum  conversion  efiiciency  quadratically.  Second,  LTG 
GaAs  has  a  substantially  shorter  photocarrier  recombina¬ 
tion  time.  This  allows  the  photomixer  to  operate  in  the 
millimeter- wave  region  and  still  be  below  the  3  dB  power- 
conversion  frequency.  In  the  alternative  GaAs  materials, 
where  r  is  of  the  order  of  10  ps,  the  conversion  efficiency 
begins  to  fall  by  at  least  6  dB  per  octave,  starting  in  the 
microwave  region.  The  shorter  t  also  allows  the  photo¬ 
mixer  to  withstand  much  higher  optical  powers  before  deg¬ 
radation  of  the  photoconductive  properties  by  high 
photogenerated-carrier  density.  This  explains  the  remark¬ 
able  experimental  result  that  the  LTG-GaAs  responsivity 
in  direct  detection  is  nearly  constant  with  pulsed  optical 
pump  intensities  up  to  3  X  10*  W  cm“^  (Ref.  6).  The  com¬ 
bination  of  high  breakdown  field  and  short  lifetime  also 
means  that  the  LTG-GaAs  photomixer  has  the  potential  to 
operate  efficiently  with  pulsed  lasers  for  high-peak-power, 
low-average-power  applications  in  millimeter-wave  coher¬ 
ent  radar.,  A  derivation  similar  to  that  presented  here  in¬ 
dicates  that  pulsed  conversion  efficiencies  in  excess  of  10% 
can  be  achieved  with  LTG-GaAs  photomixers  having  elec¬ 
trode  and  gap  widths  greater  than  1  /rm  (Ref.  12). 
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Measurements  of  optical-heterodyne  conversion  in  low-temperature-grown 
GaAs 

E.  R.  Brown,  K.  A.  McIntosh,  F.  W.  Smith,  M.  J.  Manfra,  and  C.  L.  Dennis 
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A  low-temperature-grown  GaAs  interdigitated-electrode  photomixer  is  used  to  generate 
coherent  power  at  microwave  frequencies.  An  output  power  of  200  /xW  ( —  7  dBm)  is  generated 
by  pumping  the  photomixer  with  two  70-mW  modes  of  a  Ti:Alj03  laser,  separated  in  frequency 
by  200  MHz.  This  represents  an  optical-to-microwave  conversion  efficiency  of  0.14%,  which  is 
within  50%  of  a  prediction  based  on  optical-heterodyne  theory.  When  two  lasers  are  used  and 
the  frequency  of  one  is  tuned  with  respect  to  the  other,  the  output  frequency  of  the  photomixer 
increases  smoothly  and  the  output  power  is  nearly  constant  up  to  20  GHz.  At  higher  frequencies 
the  power  decays  because  of  parasitic  capacitance. 


Low-temperatiu’e-grown  (LTG)  GaAs  possesses  a 
subpicosecond  electron-hole  recombination  time*  and  a 
photocarrier  mobility  {fj.7z200  cm^  V“*s“')  that  is  very 
high  for  a  semiconductor  having  such  a  short  recombina¬ 
tion  time.  In  addition  to  these  remarkable  properties,  it 
displays  a  high  breakdown  field  (£'/}> 4x10^  V  cm  *). 
Together,  these  properties  have  led  to  impressive  optoelec¬ 
tronic  device  results  such  as  the  generation  of  a  600-V-peak 
pulse  having  a  fiill  width  at  half-maximum  of  2  ps  (Ref.  2) 
and  the  direct  detection  of  intense  subpicosecond  laser 
pulses  with  a  responsivity  of  0. 1  A/W.^  In  this  letter  we 
present  experimental  results  for  LTG-GaAs  as  an  optical- 
heterodyne  converter,  or  photomixer. 

Photomixing  was  proposed  nearly  three  decades  ago  as 
a  means  of  generating  coherent  radiation  in  the  microwave 
region.^  However,  useful  levels  of  output  power  have  not 
been  obtained  because  of  the  lack  of  robust  photomixers 
and  high-quality  tunable  lasers.  With  recent  advances  in 
high-speed  III-V  optoelectronic  devices  and  solid-state  la¬ 
sers,  interest  in  power  generation  by  photomixing  has  been 
revived  and  new  methods  have  been  pursued.  For  example, 
a  GaAs  field-efiect-transistor  photomixer  pumped  by  tun¬ 
able  dye  lasers  has  generated  coherent  signals  up  to  61 
GHz.*  However,  the  output  power  generated  by  optical- 
heterodyne  methods  has  been  limited  to  the  l-/iW  level.  In 
this  letter,  we  demonstrate  an  LTG-GaAs  photomixer  hav¬ 
ing  an  output  power  of  0.2  mW  and  a  response  that  is  flat 
out  to  at  least  20  GHz. 

The  photomixer  consists  of  10  interdigitated  metal 
electrodes  that  are  defined  on  the  top  surface  of  a  LTG- 
GaAs  epitaxial  layer.  The  electrodes  were  made  from  gold 
and  fabricated  by  electron-beam  lithography  and  photore¬ 
sist  lift-oflF.  The  electrodes  were  1.0-/im  wide,  20-/im  long, 
and  separated  by  1.0-/im-wide  gaps.  The  underlying  LTG- 
GaAs  layer  was  grown  by  molecular-beam  epitaxy  on  a 
semi-insulating  GaAs  substrate  at  a  temperature  of  195  "C. 
The  thickness  of  the  layer  was  approximately  1.0  fim. 
From  previous  characterizations  on  material  grown  under 
the  same  conditions,  this  LTG-GaAs  layer  is  expected  to 
have  a  photocarrier  lifetime  of  approximately  0.6  ps  and  a 
breakdown  electric  field  of  approximately  5X 10*  V  cm“  . 
To  couple  power  out  of  the  photomixer  at  microwave  fre¬ 


quencies,  the  electrodes  were  located  in  the  gap  between 
the  center  line  of  a  coplanar  waveguide  and  the  ground 
plane,  as  shown  schematically  in  Fig.  1.  The  characteristic 
impedance  of  the  coplanar  waveguide  was  50  fl,  so  that  the 
output  signal  could  be  measured  directly  with  a  commer¬ 
cial  spectrum  analyzer.  The  coplanar  waveguide  also  has 
the  benefit  of  a  very  wide  operational  bandwidth.  In  the 
present  configuration,  the  bandwidth  is  limited  primarily 
by  the  parasitic  gap  capacitance,  as  discussed  below. 

The  photomixer  was  optically  pumped  by  two  diflFerent 
methods  using  the  arrangement  shown  in  Fig.  2.  In  the  first 
method,  the  dependence  of  photomixer  output  power  on 
laser  pump  power  at  a  fixed  frequency  was  measured.  The 
output  from  a  single  Ti:Al203  laser  oscillating  simulta¬ 
neously  on  two  adjacent  longitudinal  modes  was  coupled 
into  a  single-mode  optical  fiber  and  focused  upon  the  in¬ 
terdigitated  fingers  using  an  output  lens  on  the  end  of  the 
fiber.  The  frequency  difference  between  these  modes  was 
200  MHz,  and  the  pump  power  was  nearly  equally  divided 
between  them.  In  the  second  method,  the  dependence  of 
photomixer  response  upon  frequency  was  measured.  The 
beams  from  a  standing-wave  Ti:Al203  laser  and  a  ring 
Ti:Al203  laser  at  photon  energies  hvi  and  hv^,  respectively, 
were  fiber  optically  combined  and  focused  upon  the  inter¬ 
digitated  fingers.  Because  the  fiber-optic  combiner  is  single 
mode,  the  mixing  efficiency  of  the  two  beams  is  very  close 
to  unity.  The  difference  frequency  |v2— v,]  was  varied  by 
tuning  the  wavelength  of  the  ring  laser  relative  to  the 
750-nm  (Av=1.65  eV)  wavelength  of  the  standing-wave 
laser. 

Experimental  results  in  the  variable-power  mode  are 
given  in  Fig.  3(a).  The  output  power  from  the  photo¬ 
mixer  at  200  MHz  is  plotted  against  the  bias  voltage  Vg 
between  adjacent  electrodes  with  the  total  incident  optical 
pump  power,  as  a  parameter.  increases  monotoni- 
cally  with  and  Vg.  The  highest  measured  value  of  P^ 
was  —7.0  dBm  with  Po=140  mW  and  V g=AO  V.  With 
Pq—  170  mW,  P^=  — 8.4  dBm  was  measured  at  V g=‘i6  V. 
However,  increasing  V g  toward  40  V  led  to  the  destruction 
of  the  device.  In  this  sample  V g  was  limited  to  40  V  or  less 
to  guard  against  electrical  breakdown.  In  a  separate  phot¬ 
omixer  sample  of  the  same  design,  50  V  was  safely  applied 
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FIG.  1.  LTG-GaAs  photomixer  mounted  in  coplanar- waveguide  struc¬ 
ture.  The  photomixer  consists  of  interdigitated  electrodes  fabricated  in  the 
gap  of  a  coplanar-waveguide  transmission  line. 


in  the  absence  of  optical  power,  but  the  combination  of 
Fg=50  V  and  high  P„  led  to  the  destruction  of  the  phot¬ 
omixer. 

In  Fig.  3(b)  we  show  the  optical-to-microwave  con¬ 
version  efficiency  e  (i.e.,  the  ratio  of  the  output  jKiwer  to 
the  pump  power)  for  P„=  100  mW.  Both  P^  and  e  increase 
almost  quadratically  for  up  to  about  20  V,  and  then 
increase  superquadratically  at  higher  voltages.  At  Vb=A0 
V,  6=0.14%,  which  is  the  highest  value  obtained  to  date. 
Also  shown  in  Fig.  3(b)  is  a  theoretical  curve  based  on  the 
following  expression  for  P^  at  a  circular  difference  fre¬ 
quency  0), 


{(VsGofRL 

'[l  +  (d>r)^][l  +  (6)/{i0^r 


In  this  expression,  Gq  is  the  time-averaged  photoconduc¬ 
tance  of  the  photomixer,  Ri  is  the  ac  load  resistance,  C  is 
the  capacitance  of  the  interdigitated  structure,  and  t  is  the 
photocarrier  lifetime.  This  expression  is  valid  under  the 
small-signal  conditions  <7o/?£-<l,  which  is  the  case  in  the 
present  experiments.  For  example,  at  Kg =40  V  and  P„ 
=  100  mW,  we  measured  a  Gq  of  approximately  50  fiS, 
resulting  in  Go/?i= 0.0025.  The  expression  in  Eq.  (1)  can 
be  understood  by  noting  that  the  perfect  mixing  of  two 


FIG.  2.  Optical  arrangement  used  to  pump  the  LTG-GaAs  photomixer. 
The  Ti:Al203  standing-wave  laser  operates  on  two  adjacent  longitudinal 
modes,  and  the  TizAljOj  ring  laser  operates  on  a  single  mode  whose 
wavelength  is  fine  tuned  by  an  internal  etalon.  The  center  wavelength  of 
both  lasers  is  approximately  750  nm. 


BIAS  VOLTAGE  (V) 


FIG.  3.  (a)  Output  power  from  photomixer  at  200  MHz  as  a  function  of 
bias  voltage  at  five  pump  powers  from  the  Ti:Al203  standing-wave  laser, 
(b)  Comparison  of  the  experimental  results  from  (a)  at  F„=100  mW 
with  small-signal  photomixer  theory. 

laser  lines  of  equal  power  generates  a  photoconductive  re¬ 
sponse  consisting  of  a  dc  component  and  a  sinusoidal 
difference-frequency  component,  both  of  amphtude  Gq.*  If 
the  photoconductor  is  connected  to  the  series  combination 
of  the  bias  supply  and  R  l,  the  sinusoidal  component  gives 
rise  to  a  nearly  sinusoidal  current  through  R^of  amplitude 
KgGg  when  GqRiKI.  The  power  delivered  to  is  then 
approximately  j(  V/jo)^Ri.  The  two  terms  in  the  denom¬ 
inator  represent  a  roll  off  in  the  power  with  frequency 
caused  by  the  finite  photocarrier  lifetime  and  the  displace¬ 
ment  current  through  the  interdigitated-electrode  capaci¬ 
tance,  which  is  calculated  to  be  6.1  fF  in  this  photomixer.’ 
At  the  difference  frequencies  of  the  present  experiments, 
<aT<l  and  /J^C^l,  so  that  the  two  terms  in  the  denomi¬ 
nator  of  Eq.  ( 1 )  are  very  close  to  unity.  A  more  accurate 
expression  for  the  output  power  is  derived  in  Ref.  8. 

In  Fig.  4  we  plot  the  experimental  output  power  as  a 
function  of  P„  for  Kg=8  and  36  V,  and  we  superimpose  on 
this  plot  loci  of  constant  e.  At  V g—  36  V,  e  increases  from 
0.040%  to  0.085%  as  P^  increases  from  25  to  170  mW.  A 
more  rapid  increase  is  expected  from  Eq.  ( 1 )  since  in  the 
small-signal  limit  Gq  should  increase  linearly  with  P^  as 
given  by  Gq=SPo/Vb,  where  S  is  the  external  responsivity. 
Using  the  experimental  value  of  5=0.026  A/W  measured 
at  Kg=36  V  and  low  pump  power,  we  obtain  the  theoret¬ 
ical  output  power  shown  in  Fig.  4.  At  the  lowest  P^  the 
experiment  and  theory  are  in  excellent  agreement,  but  at 
higher  pump  powers  the  experiment  deviates  on  the  low 
side.  Also  shown  in  Fig.  4  is  the  theoretical  P^  for  V g=  8 
V  calculated  using  the  experimental  value  5=0.0025 
A/W.  In  this  case  the  theory  exceeds  the  experiment  by 
over  7  dB  at  the  lowest  P„  and  the  discrepancy  grows  with 
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FIG.  4.  Output  power  from  photomixer  at  200  MHz  as  a  function  of 
pump  power  at  two  bias  voltages,  8  (squares)  and  36  V  (circles).  Also 
shown  are  curves  (soUd  lines)  of  the  theoretical  output  power  for  these 
bias  voltages  and  loci  (dashed  Unes)  of  constant  conversion  efficiency. 

increasing  pump  power.  Inspection  of  Fig.  3(b)  shows  that 
this  discrepancy  occurred  over  the  entire  range  of  bias  ex¬ 
cept  at  the  high  end.  The  reason  for  this  trend  is  not  pres¬ 
ently  understood. 

We  suspect  that  the  subquadratic  dependence  of  exper¬ 
imental  output  power  on  pump  power  at  Ffl=36  V  is  a 
result  of  device  heating.  A  crude  estimate  of  the  tempera¬ 
ture  at  the  surface  of  the  photomixer  is  obtained  by  assum¬ 
ing  that  the  GaAs  substrate  is  semi-infinite  and  that  all  of 
the  optical  pump  power  is  absorbed  in  an  infinitesimal 
thickness  just  below  the  photomixer  surface.  This  leads  to 
a  temperature  rise  at  the  surface  of  AT ^  (Fa+^dc)/2AA 
where  Pa  is  the  optical  power  absorbed  in  the  photomixer, 

is  the  dc  electrical  power  dissipation,  k  is  the  room- 
temperature  thermal  conductivity  of  GaAs  (0.46 
W  cm”’  K“'),  and  D  is  the  width  of  the  active  area  of  the 
photomixer  (assumed  to  be  square).  The  operating  tem¬ 
perature  is  thus  Tq^=Tq+AT,  where  Tq  is  the  ambient 
temperature.  From  considerations  of  geometric  optics,  Pg 
is  given  by  Pa=tPjjjg/{Wg-\-w,),  where  t  is  the  optical 
transmissivity  through  the  air-GaAs  interface,  Wg  is  the 
width  of  the  electrodes,  and  Wg  is  the  width  of  the  gaps.  At 
our  optical  wavelength  of  750  nm,  f~0.67,’°  so  that  Pg 
~0.33Pa.  At  a  bias  voltage  of  36  V,  the  values  of  Pjc  are 
approximately  27,  41,  72,  and  104  mW  for  Pg=25,  50,  100, 
and  170  mW.  Thus  for  To=25  °C,  the  approximate  values 
of  Top  are  44,  56,  82,  and  112°C  at  the  respective  pump 
powers. 

The  dependence  of  photomixer  output  power  on  dif¬ 
ference  frequency  was  measured  with  Pg=25  mW  and  Vg 
=  36  V.  Back  reflection  into  the  ring  laser  at  higher  pump 


powers  caused  the  laser  to  run  multimode  and  thus  pre¬ 
cluded  accurate  measurements.  The  output  power  was 
measured  up  to  50  GHz  with  a  coaxial  diode  detector.  The 
output  power  was  practically  constant  with  frequency  up 
to  20  GHz  and  then  rolled  off  at  approximately  6  dB/ 
octave.  We  attribute  this  roll  off  to  the  parasitic  effect  of 
the  displacement  current  through  the  capacitance  of  the 
coplanar-waveguide  gap  shown  in  Fig.  1.  From  the  dimen¬ 
sions  of  the  coplanar  gap  (0.6-mm  wide  by  0.3-mm  long), 
we  estimate  its  capacitance  as  90  fF.  Combined  with  the 
50-ft  load,  the  gap  capacitance  leads  to  a  3-dB  roll  off 
frequency  of  35  GHz  in  agreement  with  the  experiment. 
The  intrinsic  photocarrier  lifetime  and  interdigitated- 
electrode  capacitance  are  expected  to  yield  3-dB  roll  off 
frequencies  of  265  and  522  GHz,  respectively.  By  reducing 
the  width  of  the  center  conductor  of  the  coplanar  wave¬ 
guide,  we  expect  that  improved  photomixer  packages  will 
have  greatly  reduced  gap  capacitance  and  will  provide 
nearly  constant  up  to  at  least  50  GHz. 

In  summary,  we  have  demonstrated  a  LTG-GaAs  in- 
terdigitated  structure  operating  as  an  optical-heterodyne 
converter,  or  photomixer.  The  highest  experimental  output 
power  was  200  ^W  at  a  frequency  of  200  MHz,  and  the 
conversion  efficiency  at  this  output  power  was  0.14%.  The 
frequency  response  of  the  photomixer  was  limited  to  about 
25  GHz  by  parasitic  capacitance,  but  the  experimental  re¬ 
sults  are  consistent  with  a  much  higher  intrinsic  band¬ 
width. 
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in  a  iow-temperature-grown  GaAs  photomixer 
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A  cw  output  power  up  to  0.8  mW  is  obtained  from  a  low-temperature-grown  (LTG)  GaAs,  0.3  fan 
gap,  interdigitated-electrode  photomixer  operating  at  room  temperature  and  pumped  by  two  modes 
of  a  Ti:Al203  laser  separated  in  frequency  by  0.2  GHz.  The  output  power  and  associated 
optical-to-electrical  conversion  efficiency  of  1%  represent  more  than  a  sixfold  increase  over 
previous  LTG-GaAs  photomixer  results  obtained  at  room  temperature.  A  separate  LTG-GaAs 
photomixer  having  0.6  fan  gaps  generated  up  to  0.1  mW  at  room  temperature  and  up  to  4  mW  at 
77  K.  Low-temperature  operation  is  beneficial  because  it  reduces  the  possibility  of  thermal  burnout 
and  it  accentuates  a  nearly  quartic  dependence  of  output  power  on  bias  voltage  at  high  bias.  The 
quartic  dependence  is  explained  by  space-charge  effects  which  result  from  the  application  of  a  very 
high  electric  field  in  the  presence  of  recombination-limited  transport.  These  conditions  yield  a 
photocurrent-voltage  characteristic  that  is  very  similar  in  form  to  the  well-known  Mott-Gumey 
square-law  cunent  in  trap-free  solids. 


Low-temperature-grown  (LTG)  GaAs  remains  of  great 
interest  to  materials  and  device  scientists  alike  because  of  its 
remarkable  properties  of  high  resistivity,  high  cross-gap  pho¬ 
tocarrier  mobility  relative  to  semiconductors  of  comparable 
resistivity,  and  very  high  dc  breakdown  fields.  These  proper¬ 
ties  have  been  utilized  in  several  electrical  and  optical  de¬ 
vices  including  field-effect  transistors*  and  photon  detectors.^ 
Recently  we  have  exploited  these  properties  to  make  an  op¬ 
tical  heterodyne  converter,  or  photomixer.^  In  previous  work, 
the  output  power  and  optical-to-electrical  (0-E)  conversion 
efficiency  of  a  photomixer  operating  at  room  temperature 
were  limited  to  200  fiW  and  0.15%,  respectively.  Here,  the 
performance  is  enhanced  considerably  by  improving  the  in- 
terdigitated  electrode  structure  and  by  operating  the  photo¬ 
mixer  at  cryogenic  temperatures. 

The  LTG-GaAs  material  in  the  present  experiment  was 
grown  by  molecular  beam  epitaxy  (MBE)  on  a  semi- 
insulating  GaAs  substrate.  The  substrate  temperature  during 
growth  was  approximately  195  ’C  and  the  ratio  of  arsenic  to 
gallium  fluxes  was  set  at  10:1.  The  LTG-GaAs  epitaxial 
thickness  was  approximately  1.0  /im.  After  growth,  the 
sample  was  annealed  in  the  MBE  chamber  at  a  temperature 
of  600  °C  for  10  min  with  an  arsenic  overpressure.  The 
sample  was  then  characterized  by  time-resolved  photoreflec¬ 
tance  and  was  found  to  have  a  photocarrier  lifetime  of  ap¬ 
proximately  0.2  ps. 

After  annealing,  interdigitated  electrodes  were  fabricated 
on  the  top  surface  of  the  LTG  GaAs  by  electron-beam  lithog¬ 
raphy  to  define  the  active  region  of  the  photomixer.^  The 
metal-electrode  topography  consisted  of  either  forty  0.2-fan- 
wide  electrodes  separated  by  0.3  fan  gaps,  or  twenty  0.4- 
/im-wide  electrodes  separated  by  0.6  fan  gaps.  The  ratio  of 
gap  width  to  finger  period  in  both  structures  is  20%  higher 
than  in  our  previous  photomixer.^  In  principle,  this  jdelds  a 
44%  improvement  in  photomixer  output  power  and  0-E  con¬ 
version  efficiency  from  the  increase  in  external  quantum  ef¬ 
ficiency  alone.  The  final  step  of  the  fabrication  was  the  cre¬ 


ation  of  an  electrical  coplanar  waveguide  structure  around 
each  set  of  interdigitated  electrodes.  The  coplanar  waveguide 
was  defined  by  optical  lithography  and  Ti/Au  metal  lift-off. 
The  characteristic  impedance  of  the  coplanar  waveguide  was 
designed  to  be  50  H  to  facilitate  the  measurement  of  the 
photomixer  output  signal  at  microwave  frequencies. 

The  photomixer  was  driven  by  a  single  (standing  wave) 
Ti:Al203  solid-state  laser  operating  at  a  wavelength  near  750 
run.  The  laser  was  internally  adjusted  by  etalons  to  operate 
with  equal  output  power  in  two  adjacent  longitudinal  modes 
separated  in  frequency  by  200  MHz.  The  output  beam  was 
focused  down  to  a  spot  diameter  of  approximately  20  fan  at 
the  photomixer  active  region  and  the  total  power  was  varied 
by  changing  the  power  of  the  argon-ion  laser  that  pumped 
the  'n:Al203  crystal.  For  each  pump  power,  the  dc  bias  volt¬ 
age  was  increased  from  zero  op  to  a  value  just  below  that 
which  produced  catastrophic  breakdown. 

Shown  in  Rg.  1(a)  arc  the  experimental  results  for  the 
0.6  fan  gap  photomixer  at  room  temperature  and  for  total 
optical  pump  powers  of  45  and  75  mW.  At  both  power  levels, 
we  (Swerved  a  nearly  quadratic  increase  in  output  power  with 
dc  bias  voltage  up  to  about  8  V,  followed  by  a  superquadratic 
increase  at  higher  voltages.  At  a  fixed  bias  voltage  less  than 
about  5  V,  the  output  power  also  increased  quadratically  with 
pump  power  between  45  and  75  mW.  Both  quadratic  func¬ 
tions  are  characteristic  of  any  photomixer  in  which  the  pho¬ 
tocurrent  depends  linearly  upon  bias  voltage.  The  superqua¬ 
dratic  dependence  on  bias  voltage  is  similar  to  that  observed 
in  previous  experiments^  and  is  discussed  below. 

For  45  mW  pump  power,  the  output  power  at  room  tem¬ 
perature  approaches  a  maximum  value  of  -9  dBm  at  a  bias 
voltage  of  30  V.  This  represents  an  O-E  conversion  effi¬ 
ciency  of  approximately  0.3%.  When  the  optical  power  or 
bias  voltage  was  inoeased  beyond  this  level,  the  device  dis¬ 
played  thermal  bumouL  Burnout  is  not  surprising  under 
these  operating  conditions  because  the  thermal  conductivity 
of  GaAs  dcCTcases  rapidly  with  increasing  temperature  (ap- 
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FIG.  1.  Output  power  from  0.6  /xm  ^p  LTG-GaAs  photomixer  at  0.2  GHz 
as  a  function  of  bias  voltage  at  two  different  operating  temperatures:  (a) 
7=295  K,  (b)  7=77  K-  The  dashed  line  in  both  figures  denotes  an  output 
power  of  0  dBm  (1  mW). 

proximately  as  up  to  at  least  500  °C.  The  resulting 

rapid  increase  of  temperature  with  optical  power  causes  the 
resistance  of  the  LTG  GaAs  to  drop  significantly,  which  can 
cause  the  electrical  current  in  the  LTG  GaAs  to  run  away.  In 
the  present  experiments,  the  photomixer  was  biased  with  a 
constant-voltage  power  supply  so  that  current  runaway  could 
not  be  suppressed. 

With  burnout  in  mind,  we  tested  a  0.6  /im  gap  photo- 
mixer  at  77  K  by  mounting  the  coplanar-waveguide  sample 
on  the  cold  finger  of  a  liquid-nitrogen  crystal.  The  laser 
pump  beam  was  focused  on  the  photomixer  through  a  glass 
window  on  the  outer  vacuum  jacket  of  the  cryostat.  Shown  in 
Fig.  1(b)  are  the  experimental  results  for  optical  pump  pow¬ 
ers  of  75  and  225  mW.  For  the  75  mW  pump  and  bias  volt¬ 
ages  less  than  10  V,  the  output  power  was  slightly  less  than  at 
room  temperature  with  the  same  pump  power.  Above  10  V 
bias,  the  dependence  on  bias  voltage  became  superquadratic, 
and  the  output  power  at  77  K  exceeded  that  at  room  tempera¬ 
ture.  The  output  power  for  225  mW  pump  power  was  nearly 
10  times  that  obtained  with  75  mW,  power,  consistent  with 
the  theoretical  quadratic  dependence  of  output  power  on 
pump  power.  Above  10-V  bias,  the  output  power  inaeases  in 
a  nearly  quartic  fashion  such  that  +6  dBm  (4  mW)  was 
obtained  at  30  V  bias.  The  highest  O-E  conversion  efficiency 
at  77  K  was  1.5%  under  the  conditions  of  225  mW  pump 
power  and  30  V  bias. 

Shown  in  Fig.  2  are  the  experimental  results  for  the  0.3 
fjm  gap  photomixer  operating  at  room  temperature  with  op¬ 
tical  pump  powers  of  30  and  85  mW.  For  30  mW  pump 
power,  the  output  power  is  approximately  quartic  with  bias 
voltage  fi'om  2  up  to  about  10  V.  Beyond  10  V,  the  output 
power  increases  superquarticaUy  in  contrast  to  the  behavior 
of  the  0.6  fim  gap  device.  With  85  mW  pump  power,  the 
output  power  is  quadratic  up  to  about  5  V  and  then  approxi¬ 
mately  quartic  at  higher  voltages.  The  highest  room- 
temperature  output  power  was  —  1  dBm  (0.8  mW),  obtained 
with  85  mW  pump  power  and  14  V  bias.  The  highest  O-E 
conversion  efficiency  was  1%,  obtained  with  30  mW  pump 
power  and  18  V  bias.  A  bias  of  18  V  could  not  be  applied 
with  85  mW  pump  power  without  destruction  of  the  device, 
but  a  linear  extrapolation  of  the  ciuve  in  Fig.  2  yields  a 
projected  output  power  of  +6  dBm  (4  mW)  under  these 
conditions.  We  believe  that  this  performance  can  be  achieved 


FIG.  2.  Output  power  from  OJ  /un  gtip  LTG-GaAs  photomixer  at  0.2  GHz 
as  a  function  of  bias  voltage  at  room  temperature.  Tbe  horizontal  dashed  line 
denotes  1  mW.  The  dashed  extrapolation  to  the  curve  for  Pq=S5  mW  rep¬ 
resents  the  prcqected  output  power  of  this  device. 

by  better  heat  sinking  of  the  device  or,  perhaps,  simply  by 
using  a  ballast  resistor  in  the  bias  circuit. 

To  understand  the  physical  characteristics  of  the  photo¬ 
mixer,  we  have  examined  the  dc  photocurrent  and  dark  cur¬ 
rent  as  functions  of  bias  voltage  under  the  same  conditions  as 
used  above.  Shown  in  Figs.  3(a)  and  3(b)  are  the  experimen¬ 
tal  results  for  tbe  0.6  /un  gap  device  at  room  temperature  and 
77  K,  respectively.  Below  5  V  bias,  the  photocurrent  is  linear 
for  45  mW  pump  power  at  room  temperature,  and  for  both 
pump  powers  at  77  K.  The  linear  dependence  in  these 
samples  is  indicative  of  ohmic  transport  in  the  bulk  LTG 
GaAs,  and  suggests  that  the  bulk  resistance  limits  the  current 
through  the  device  rather  than  the  metal-to-LTG-GaAs  con¬ 
tacts.  It  also  explains  the  quadratic  dependence  of  output 
power  on  bias  voltage.  According  to  optical-heterodyne 
theory,  the  output  power  at  the  difference  frequency  is  given 
by  P„={i^)Zo,  where  (i^)  is  the  rms  average  of  the  ac 
photocunent  at  the  difference  frequency  and  Zq  is  the  char¬ 
acteristic  impedance  of  the  load  circuit.  For  moderate  optical 
pump  powers,  we  can  write  this  as  P^={\I2)S\PiP2Zq, 
where  S/  is  the  external  current  responsivity,  and  Pj  and  P2 
are  the  average  powers  of  the  two  pump  lasers.  In  the  case  of 
ohmic  transport,  Sj'^V,  so  that  Pq^V^. 

At  bias  voltages  above  5  V  in  the  0.6  /tm  gap  device  and 
above  2  V  in  the  0.3  /un  device,  the  photocunent  began  to 
increase  nearly  quadratically.  This  is  indicative  of  nonohmic 
transport  in  the  LTG  GaAs  and  it  explains  the  onset  of  the 
quartic  dependence  of  output  power  on  bias  through  the 
same  argument  as  given  above.  Because  the  range  of  bias 
voltage  over  which  the  superlinear  photociurent  occurs  is  so 
broad  and  because  this  behavior  has  been  observed  in  all  of 
our  LTG-GaAs  photomixers  measured  to  date,  it  becomes  an 
essential  factor  in  explaining  the  milliwatt-level  output  of 
these  devices.  We  have  carried  out  a  qualitative  analysis  of 
the  photocurrent  based  on  the  drift  and  current-continuity 
equations  for  electrons  and  holes,  ignoring  the  effects  of  car¬ 
rier  diffusion.  The  electrons  and  holes  were  assumed  to  have 
the  same  recombination  rate  but  different  lifetimes,  and 
T|^ ,  with  T*>  Tf .  The  interdigitated  electrodes  were  approxi¬ 
mated  as  parallel  plates  with  uniform  current  density  be- 
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FIG.  3.  Current-voltage  curves  for  LTG-GaAs  photomixer  under  the  various 
experimental  conditions:  (a)  T=295  K,  (b)  T—77  K.  The  dark-current  curve 
at  77  K  is  not  shown  because  it  lies  below  the  vertical  current  scale. 

tween  them.  At  low  bias,  ohmic  behavior  is  displayed  with 
the  current  density  given  by  where 

n(jjLg)  and  p(/i*)  are  the  photoelectron  and  photohole  den¬ 
sities  (mobilities),  respectively,  and  £  is  the  electric  field 
between  the  contacts.  In  the  low  bias  limit,  £  is  uniform  and 
equal  to  VI L  where  £  is  the  distance  between  electrodes  in 
the  parallel-plate  approximation.  When  V  is  increased  to  the 
point  where  the  quantity  becomes  com¬ 
parable  to  or  less  than  t*-  ,  the  current  density  begins  to 

increase  quadraticaUy  consistent  with  the  expression 
J=(9/8)aV^/L^  where  a  =  e(/reTe+/iAT*)/i^/rAg(T*-Te)/ 
(/ie+/t*)  and  g  is  the  cross-gap  photogeneration  rate.  For 
example,  if  we  assume  L  =0.6  /an  and  the  room-temperature 
values  /ie=400  cm^  V~‘  s"*,^  cm^  s,  ps, 

t,'»0.2  ps,  we  find  a  crossover  from  ohmic  to  quadratic  be¬ 
havior  at  ^“=“16  V.  This  is  in  good  agreement  with  the  pho- 
tocurrent  shown  in  Fig.  3(a). 

The  above  quadratic  cunent-voltage  relation  is  very 
similar  superficially  to  the  Mott-Gumey  law  for  a  trap-free 
insulator  in  which  the  current  is  limited  by  the  buildup  of 
free  space  charge  between  the  contacts.*  Our  analysis  for  the 
LTG  GaAs  leads  to  a  similar  deviation  from  space-charge 
neutrality  because  of  the  difference  between  the  electron  and 
hole  lifetimes  and  because  of  the  high  bias  fields  in  the  ma¬ 
terial  which  spatially  separate  the  photogenerated  electron- 
hole  pairs.  This  deviation  from  ohmic  behavior  has  conven¬ 
tionally  been  called  “recombination-limited  transport”  and 
has  been  observed  in  semiconductors  and  insulators.’ 

Several  other  mechanisms  have  been  considered  to  ex¬ 
plain  the  superlinear  behavior  of  the  photocurrent.  The  first 
was  cross-gap  impact  ionization.  At  the  highest  bias  volt¬ 
ages,  the  electron  potential-energy  drop  between  the  cathode 
and  anode  electrodes  is  over  10  times  the  GaAs  band-gap 
energy  Eg .  This  may  enable  photoelectrons  generated  near 
the  cathode  to  gain  the  required  kinetic  energy,  3Egl2,  to 
create  a  new  electron-hole  pair.  However,  when  impact  ion¬ 
ization  occurs  in  semiconductor  devices,  it  usually  leads  to 
avalanche  breakdown,  which  is  always  characterized  by  a 
very  rapid  increase  in  current  with  voltage.  Judging  from  the 
relatively  gradual  current-voltage  characteristics  in  Fig.  3, 


we  believe  that  avalanche  breakdown  is  not  occurring  in  the 
0.6  /xm  gap  device.  Nevertheless,  we  cannot  rule  out  the 
possibility  that  either  the  small  distance  between  electrodes 
or  the  very  short  recombination  time  in  these  samples  is 
prohibiting  avalanche  multiplication  but  allowing  for  limited 
impact  ionization.  This  may  explain  the  superquartic  depen¬ 
dence  at  high  bias  voltages  for  the  0.3  /an  device  in  Fig.  2. 

A  second  mechanism  that  we  considered  was  Zener  tun¬ 
neling  at  the  As  precipitates  that  exist  in  all  LTG-GaAs 
samples  annealed  after  the  growth.*  We  were  led  to  this 
mechanism  by  an  observation  made  long  ago  of  soft  reverse 
breakdown  in  Ge  p-n  diodes  contaminated  by  metallic 
precipitates.’  We  ruled  out  this  mechanism  based  on  the  ob¬ 
served  variation  of  the  photocurrent  with  temperature.  In 
comparing  Figs.  3(a)  and  3(b),  we  see  that  the  quadratic  de¬ 
pendence  becomes  much  more  pronounced  in  lowering  the 
temperature  to  77  K,  In  contrast,  Zener  tunneling  in  GaAs 
would  become  less  pronounced  because  of  the  significant 
increase  in  E,  that  occurs  between  room  temperature  and  77 

In  conclusion,  we  have  demonstrated  a  LTG-GaAs  pho¬ 
tomixer  having  milliwatt  output  power  levels  in  operation  at 
room  temperature  and  much  greater  output  powers  in  opera¬ 
tion  at  77  k.  The  performance  of  this  device  is  due  in  large 
part  to  a  nearly  quadratic  depemfence  of  photocuirent  on  bias 
voltage.  We  attribute  the  quadratic  dependence  to  space- 
charge  effects  which  result  from  the  applicatimi  of  very  high 
electric  fields  in  the  presence  of  recombination-limited  trans¬ 
port.  Because  of  the  intrinsic  photoconductive  q)eed  of  the 
LTG  GaAs,  the  milliwatt  output  power  makes  the  photo¬ 
mixer  very  promising  as  a  broadband  tunable  source  (grat¬ 
ing  from  dc  to  frequencies  well  above  100  GHz. 
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Abstract 

Low-temperature-grown  (LTG),  nonstoichiometric  GaAs  is  used  as  an  optical  mixer  to 
generate  coherent  output  radiation  up  to  a  frequency  of  1.2  THz.  The  mixer  structure  consists  of 
an  epitaxial  layer  of  the  LTG  GaAs  material  with  submicrometer  interdigitated  electrodes 
fabricated  on  the  top  surface.  Terahertz  photocurrents  are  generated  in  the  gaps  between  the 
electrodes,  and  power  is  radiated  by  coupling  these  currents  efficiently  into  a  self-complementary 
spiral  antenna.  The  experimental  rolloff  in  photomixer  output  power  is  explained  by  two  time 
constants  -  one  for  the  electron-hole  recombination  time  and  the  other  for  the  photomixer- 
antenna  circuit  The  photomixer  demonstrates  the  capability  to  generate  continuous-wave 
radiation  in  a  spectral  region  where  mnable  coherent  radiation  has  been  lacking. 

L  Background 

The  far-infrared  spectral  region  between  approximately  1  and  10  THz  has  long  been 
devoid  of  solid-state  sources.  This  region  is  depicted  clearly  in  the  diagram  of  solid-state  source 
technology  in  Fig.  1.  At  low-frequencies  electronic  oscillators  have  been  making  incremental 
gains  for  many  years,  but  they  have  not  achieved  useful  operation  at  1  THz  or  beyond. 
Heterostructure  transistors  such  as  high-electron-mobility  transistors  (HEMTs)  or  heterojunction 
bipolar  transistors  (HBTs)  can  now  operate  up  to  approximately  200  GHz.  The  maximum 
oscillation  frequency  (fmax)  is  limited  largely  by  the  electronic  transit  time  associated  with  the 
middle  terminal  (i.e.,  the  gate  of  the  HEMT  or  base  of  the  HBT).  Negative-resistance  diode 
oscillators  are  even  more  effective  in  this  range  because  of  their  simplicity.  For  example, 
IMP  ATT  diodes  have  oscillated  at  fundamental  frequencies  up  to  about  300  GHz  [1],  and 
resonant-mnneling  diodes  up  to  700  GHz  [2].  In  these  diodes,  the  fmax  is  usually  limited  by  a 
cancellation  of  the  negative  resistance  at  high  frequencies  by  parasitic  positive  resistance  in  the 
device  and  the  connecting  circuit  The  positive  resistance  tends  to  grow  with  frequency  because 
of  the  skin  effect  in  metals,  radiative  losses  in  transmission  lines  and  interconnects,  and  dielectric 
relaxation  in  semiconductor  epitaxial  layers,  among  other  factors.  To  avoid  the  problems 
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Fig.  1.  Solid-state  source  technology  in  the  far-infrared  region. 


associated  with  fundamental-frequency  electronic  oscillators,  harmonic-multiplication  techniques 
have  long  been  applied  using  powerful  pump  sources,  such  as  klystrons  or  Gunn  diodes, 
operating  around  100  GHz.  While  harmonic  multiplication  can  be  very  efficient  in  doubling  or 
even  tripling,  the  efficiency  falls  rapidly  at  higher  harmonic  number  because  of  the  difficulty  in 
properly  terminating  the  harmonics  below  the  desired  one. 

At  the  high-frequency  end  of  the  range,  narrow-bandgap  diode  lasers  have  operated  out  to 
approximately  20  p.m,  but  have  been  prohibited  from  going  to  longer  wavelengths  by  Auger  and 
alloy  scattering  and  by  free-carrier  absorption.  More  recently,  Bloch  oscillations  have  been 
observed  in  the  Wannier-Stark  ladders  of  quantum  wells  (see  paper  by  J.  Shah  in  this 
proceedings).  While  the  Bloch  oscillation  has  the  emission  strength  to  suppon  lasing,  the  short 
electron  nonradiative  lifetime  in  the  upper  energy  levels  makes  the  threshold  pump  power,  be  it 
optical  or  electrical,  very  high.  To  avoid  the  problems  associated  with  lasers,  various  forms  of 
optical  mixing  were  explored  as  far  back  as  the  1970's.  For  example,  three-wave  mixing  has 
been  carried  out  using  two  frequency-offset  lasers  and  nonlinear  crystals,  such  as  LiNbOs, 
having  a  large  optical  susceptibility.  Unfonunately,  in  converting  near-infrared  or  visible 
laser  light  to  the  far-infrared  in  conventional  nonlinear  crystals,  three-wave  mixing  is  limited  in 
conversion  efficiency  to  far  less  than  1%  by  the  Manley-Rowe  relation  [3].  A  second  optical 
mixing  technique  that  has  been  investigated  is  optical-heterodyne  conversion  [4].  The  main 
drawback  in  this  technique  has  been  the  lack  of  a  heterodyne  convener  that  has  the  ruggedness 
and  bandwidth  to  produce  useful  levels  of  power  at  frequencies  in  excess  of  1(X)  GHz. 

The  present  work  deals  with  a  new  type  of  optical-heterodyne  convener,  or  photomixer. 
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Fig.  2.  Time-resolved  photoreflectance  experiment. 

having  an  electrical  bandwidth  approaching  1  THz.  The  basis  for  the  photomixer  is  a  superior 
type  of  photoconductive  material  -  low- temperature-grown  (LTG)  GaAs.  LTG  GaAs  is  unique 
in  that  it  exhibits  a  very  short  photoconductive  lifetime  (x  <  1  ps),  a  high  electrical  breakdown 
field  (Eb  >  5X10^  V-cm‘l),  and  a  high  photocarrier  mobility  compared  to  materials  having  a 
comparable  lifetime.  As  such,  LTG  GaAs  is  capable  of  withstanding  the  optical  pump  powers 
and  bias  voltages  required  to  achieve  milliwatt  levels  of  continuous-wave  (cw)  output  power. 

n.  LTG-GaAs  Growth  and  Characterization 
Our  LTG  GaAs  is  grown  by  molecular-beam  epitaxy  (MBE)  at  a  temperature  in  the  range 
of  180  to  250  *C  and  in  the  presence  of  arsenic  overpressure  in  the  growth  chamber.  The 
resulting  material  is  nonstoichiometric  with  about  1%  excess  arsenic.  After  growing 
approximately  1  jim  of  material,  the  gallium  source  is  closed.  A  thermal  anneal  is  then  carried 
out  at  approximately  600  'C  in  the  arsenic  flux  for  a  duration  of  10  minutes.  The  thermal  anneal 
causes  the  large  concentration  of  excess  arsenic  atoms  to  rearrange  either  as  antisite  defects  (i.e., 
an  arsenic  atom  at  a  gaUium  site)  or  to  cluster  together  as  metallic  arsenic  precipitates.  The 
relationship  between  the  defects  and  the  desirable  characteristics  (i.e.,  high  resistivity  and  shon 
photoconductive  lifetime)  is  somewhat  controversial.  One  school  of  thought  attributes  these 
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Fig.  3.  Experimental  results  of  photocarrier  lifetime  vs  MBE  growth  temperature. 

characteristics  exclusively  to  the  high  concentration  (=10^^  cm‘3)  of  antisite  defects,  which  leads 
to  very  low  background-carrier  concentrations  and  a  high  probability  of  Shockley-Read-Hall-like 
recombination  [5,6].  The  other  school  of  thought  attributes  these  characteristics  to  the  shon 
distance  between  the  precipitates,  which  leads  to  a  depletion  of  background  carriers  and  a  high 
probability  for  recombination  of  photocarriers  close  to  the  site  of  their  generation  [7]. 

For  the  high-frequency  photomixer  application,  the  most  important  characteristic  of  the 
LTG  GaAs  is  the  electron-hole  photocarrier  lifetime,  Xeh-  To  determine  this  quantity,  we  used 
the  technique  of  time-resolved  photoreflectance  depicted  in  Fig.  2.  This  is  a  pump-probe 
technique  in  which  the  optical  pulse  train  from  a  mode-locked  laser  is  split  into  two  separate 
beams.  The  more  powerful  pump  beam  is  directed  through  an  optical  delay  line,  mechanically 
chopped,  and  then  focused  on  the  surface  of  the  LTG-GaAs  epitaxial  layer  where  it  excites 
electron-hole  pairs.  The  probe  beam  is  focused  onto  the  same  spot  as  the  pump  beam  and  the 
average  power  of  the  reflected  probe  beam  is  measured  with  a  slow  photon  detector  as  the  delay 
line  varies  the  optical  path  length  of  the  pump  beam.  The  change  in  path  length  is  equivalent  to  a 
time  delay  of  the  probe  beam  with  respect  to  the  pump  beam.  The  photon  detector  is  connected 
to  a  lock-in  amplifier  is  sensitive  only  to  changes  in  the  reflectivity  induced  by  the  pump  beam. 
As  the  time  delay  of  the  pump  beam  is  varied  so  that  the  pump  and  probe  pulses  arrive  at  the 
LTG-GaAs  layer  simultaneously,  the  pump  has  its  maximum  effect,  as  shown  in  the  inset  of  Fig. 
2.  As  the  probe  beam  is  delayed  further,  the  signal  strength  drops  off  over  a  time  scale  directly 
related  to  the  lifetime  of  the  photocarriers  induced  by  the  pump.  The  accuracy  of  this  method 


SPIE  Vol.  2145/203 


is  limited  only  by  the  finite  length  of  the  pump  and  probe  pulses,  which  in  our  laser  is 
approximately  80  fs. 

Shown  in  Fig.  3  are  the  experimental  lifetimes  measured  for  a  variety  of  LTG-GaAs 
samples  grown  between  180  and  240  ‘C.  Over  this  entire  temperature  range,  Teh  is  below  1  ps. 
The  best  samples  for  photomixers  are  those  grown  between  about  190  and  210  °C,  in  which  Teh 
is  in  the  range  of  0.2  to  0.4  ps.  The  minimum  lifetime  that  we  have  observed  is  0.15  ps  in  a 
sample  grown  at  195  ‘C.  This  temperature  defines  a  rough  minimum  in  the  lifetime  vs  growth 
temperature  represented  by  the  solid  curve  fit  shown  in  Fig.  3. 

m.  Optical  Pumping  Configuration 

A  schematic  diagram  of  the  laser  pumping  configuration  used  in  our  experiments  is 
shown  in  Fig.  4.  It  consists  of  two  Ti:Al203  lasers,  each  pumped  by  an  argon-ion  laser.  One  of 
the  Ti:Al203  lasers  has  a  standing-wave  optical  cavity  and  is  kept  at  a  fixed  wavelength  of  about 
800  run  over  the  course  of  the  experiments.  The  output  power  of  this  laser  is  typically  in  the 
range  of  0.1  to  0.5  W  depending  on  the  ion-laser  pump  power.  The  output  is  divided  between,  at 
most,  two  longitudinal  modes  separated  in  frequency  by  200  MHz.  The  other  Ti;Al203  laser  has 
a  ring  cavity  with  an  optical  isolator  just  outside  to  maintain  single-mode,  single-fi’equency 
operation.  The  ring  laser  is  mned  continuously  in  wavelength  by  a  birefnngent  etalon  located 
inside  the  cavity.  The  cw  output  power  of  the  ring  laser  is  typically  in  the  range  of  0.2  to  1 .0  W, 
again  depending  on  the  ion-laser  pump  power. 

One  of  the  attractive  features  of  photomixing  is  that  the  delicate  task  of  beam  combining 
can  now  be  carried  out  using  fiber-optic  components.  As  shown  in  Fig.  4,  this  is  done  by  first 
transforming  the  output  beams  of  the  Ti:Al203  lasers  into  single-mode  fiber  using  firee-space-to- 
fiber  couplers.  The  two  single-mode  fibers  are  connected  to  a  broadband  fiber-optic  power 
combiner.  Although  the  combiner  is  somewhat  inefficient  (only  about  25%  of  the  total  input 
power  gets  into  the  output  fiber),  it  is  quite  rugged  and  vibration  insensitive  compared  to  any 
free-space  combining  technique.  After  combining,  the  beams  are  transformed  back  into  free 
space  and  focused  on  the  photomixer  active  region. 

rV.  LTG-GaAs  Photomixer 

To  obtain  a  photomixer  having  a  sufficiently  low  capacitance  to  operate  at 
terahertz  frequencies,  we  have  implemented  the  interdigitated  contact  structure  shown  in  the 
electron  micrograph  at  the  lower  right  of  Fig.  5.  The  interdigitated  electrodes  are  fabricated  on 
the  top  surface  of  the  LTG  GaAs  by  the  following  steps.  First,  electron-beam  lithography  is  used 
to  open  up  channels  having  the  dimension  of  the  desired  electrodes  in  a  thin  layer  of 
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Fig.  4.  Experimental  configuration  for  optically  pumping  the  photomixer. 

polymethylmethacrylate  (PMMA).  Then  thin  layers  of  titanium  and  gold  are  deposited  on  the 
entire  pattern.  Finally,  the  metal  over  the  grid  of  remaining  PMMA  is  lifted  off  using  a  chemical 
solvent  The  width  of  the  electrodes  is  typically  0.2  p.m  and  the  separation  between  electrodes  is 
typically  0.6  ^m. 

In  operation,  the  laser  beams  are  focused  on  the  interdigitated-electrode  region, 
generating  electron-hole  pairs  in  the  LTG-GaAs  gaps  between  the  electrodes.  The  density  of 
electrons  and  holes  varies  in  time  at  the  difference  frequency  between  the  two  lasers.  Because  of 
the  large  dc-bias  field  applied  between  electrodes,  the  photocarriers  drift  to  opposite  contacts. 
This  constimtes  a  time  varying  photocurrent  that  can  generate  power  by  driving  the  characteristic 
impedance  of  a  transmission  line  or  the  radiation  resistance  of  an  antenna.  We  use  a  50-Q 
coplanar  waveguide  (CPW)  as  the  transmission  line  for  frequencies  from  0.2  to  50  GHz  [8].  For 
higher  frequencies,  we  couple  the  interdigitated-electrode  structure  to  a  self-complementary 
spiral  antenna  as  shown  in  Fig.  5.  The  spiral  is  a  type  of  broadband  antenna  whose  useful  range 
can  easily  exceed  1  decade  of  frequency.  When  lying  on  a  GaAs  half-space,  its  radiation 
resistance  is  approximately  72  Q.  The  low  frequencies  radiate  from  the  outer  extent  of  the  spiral, 
and  the  high  ones  radiate  from  the  inner  extent.  At  all  frequencies  the  majority  of  the  radiation 
goes  into  the  GaAs  substrate  because  of  its  high  dielectric  constant.  The  radiation  is  transformed 
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Fig.  5.  LTG-GaAs  photomixer  coupled  to  broadband  self-complementary  spiral 
antenna  and  silicon  hyper-hemispherical  lens. 

into  free  space  without  significant  total-internal  reflection  by  abutting  the  substrate  to  a  silicon 
hyper-hemispherical  lens.  The  radiation  coming  out  of  the  lens  forms  a  diverging  quasi- 
Gaussian  beam  which  is  easily  coupled  into  other  millimeter-wave  components  and  systems. 


V.  Experimental  Results 

Our  first  high-frequency  measurements  were  carried  out  on  an  interdigitated  structure 
having  22  0.2-|im-wide  electrodes  and  21  0.6-p.m-wide  gaps.  The  spiral  antenna  for  the  high- 
frequency  measurements  had  two  complete  turns  in  each  arm  with  an  inner  radius  of  30  pm  and 
an  outer  radius  of  1.8  mm.  These  dimensions  correspond  to  a  frequency  range  of  approximately 
60  GHz  to  1.0  THz.  The  output  power  from  the  spiral  antenna  was  measured  with  a  liquid- 
helium-cooled  composite  bolometer  having  high  sensitivity  throughout  the  far-infrared  region. 
The  output  frequency  was  determined  by  separately  measuring  the  frequency  of  each  pump  laser 
using  an  optical  wavemeter  with  an  accuracy  of  approximately  1  GHz. 

Figure  6  is  a  plot  of  the  photomixer  cw  output  power  as  a  function  of  laser  difference- 
frequency  between  10  GHz  and  1.2  THz.  The  data  point  at  20  GHz  was  measured  with  the 
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Hg.  6.  Experimental  results  for  LTG-GaAs  photomixer  coupled  to  a  coplanar- waveguide 
transmission  line  (20-GHz  point)  and  to  a  self-complementary  spiral  antenna. 

photomixer  coupled  to  the  CPW  structure.  The  data  at  higher  frequencies  was  obtained  with  the 
spiral-antenna  structure.  Relative  to  the  20-GHz  point  the  output  power  is  down  approximately  3 
dB  at  250  GHz,  and  then  rolls  off  at  about  6  dB/octave  between  250  and  500  GHz.  This 
behavior  can  be  explained  by  the  RC  time  constant  of  the  load  circuit,  where  R  is  the  72-Q 
radiation  resistance  of  the  spiral  antenna  and  C  is  the  interdigitated-electrode  capacitance. 
According  to  electrostatic  theory,  the  capacitance  of  this  structure  is  approximately  8.4  fF. 
Hence,  we  calculate  RC  =  0.60  ps  and  a  3-dB  frequency  of  (27tRC)*^  =  263  GHz,  in  good 
agreement  with  experiment.  Above  500  GHz,  the  experimental  power  rolls  off  at  a  rate  of 
approximately  12  dB  octave.  This  can  be  explained  by  the  onset  of  reh  as  a  second  electrical 
time  constant.  Our  LTG  GaAs  had  a  photocairier  lifetime  of  0.35  ps  as  measured  by  the 
photoreflectance  technique  described  in  Sec.  n.  Thus,  the  output  power  should  begin  rolling  off 
rapidly  at  a  frequency  of  (2jcx)'1  =  455  GHz,  in  fair  agreement  with  the  experiment. 

Another  well-understood  aspect  of  the  photomixer  performance  is  the  output  polarization. 
Up  to  frequencies  of  approximately  300  GHz,  the  output  beam  from  the  spiral  antenna  is  nearly 
circularly  polarized  as  expected.  Above  approximately  800  GHz,  the  output  becomes  linearly 
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polarized.  We  believe  that  this  represents  a  transition  from  radiation  by  the  spiral  to  radiation  by 
the  dipole-like  interconnect  metal  between  the  interdigitated  electrodes  and  the  inner  radius  of 
the  spiral.  Taking  the  60  |im  length  of  the  interconnect  as  the  physical  length  of  the  dipole,  we 
estimate  that  a  half-wave  dipole  resonance  should  occur  at  a  frequency  of  950  GHz.  Between 
this  point  and  the  full-wave  resonance,  we  expect  the  interconnect  to  radiate  efficiently  because 
the  radiation  resistance  should  increase  rapidly  with  frequency. 

Summary 

We  have  demonstrated  the  very  high  electrical  bandwidth  of  an  LTG-GaAs  photornixer. 
Using  two  'Ii:Al203  lasers  to  pump  the  photornixer  and  the  combination  of  a  CPW  transmission 
line  at  low  frequencies  and  a  self-complementary  spiral  antenna  at  high  frequencies  to  produce 
the  output  power,  we  obtained  a  3-dB  bandwidth  of  approximately  250  GHz  and  easily  measured 
power  levels  out  to  1.2  THz.  The  LTG-GaAs  photornixer  may  fill  the  need  for  solid-state 
coherent  radiation  at  frequencies  above  1  THz,  where  mnable  solid-state  sources  are  lacking. 
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Abstract 

A  new  type  of  resonant-tunneling  oscillator  is 
analyzed  that  does  not  require  dc  bias  stability  in  the 
negative-differential-resistance  region.  The  tKcillatcs' 
consists  of  a  resonant-tunneling  diode  coupled  to  a 
transmission  line  in  such  a  way  that  rqMtitive 
switching  of  the  diode  occurs  across  the  negadve- 
lesistance  region.  The  ouq>ut  waveform  consists  of  a 
sequence  of  pulses  having  a  repeddon  rate  deter¬ 
mined  by  the  electrical  delay  of  the  transmission  tine 
and  a  pulse  width  detmnined  by  the  switching  time 
of  the  diode.  When  the  electrical  delay  is  compar¬ 
able  to  the  switching  dme,  the  ou^t  is  quasi- 
sinusoidaL  Numerical  simuladons  with  a  prototype 
resonant-tunneling  diode  yield  a  maximum  r^ddon 
rate  of  192  GHz  and  a  pulse  width  of  2  ps. 


Introduction 

The  resonant-tunneling  diode  (RTD)  has  been  one  of 
die  most  successful  quantum-transpext  devices.  The 
tnuiemark  characteristic  of  the  RTD,  the  negadve- 
differential-iesistancc  ^TOR)  r^on,  has  been 
ohseryed  at  room  tenqierataie  in  many  different 
®“lcrial  systems  and  over  a  very  wide  range  of 
^rent  deuity.  The  NDR  region  has  been  as 
die  basis  for  high-frequency  oscilladons  and  high- 
^*cd  switching.  Fw  example,  double-barrier  RTOs 
®»de  from  the  InAs/AlSb  system  have  oscillated  up 
J®  712  GHz  [1],  and  similar  diodes  made  from  the 
G^s/AIAs  system  have  switched  from  the  peak 
^»t  to  the  valley  region  in  a  dme  near  2  ps  [2]. 
Much  of  the  interest  in  RTDs  stems  from  the  fact 
these  results  are  among  die  highest  oscUladon 
*®d  the  lowest  switching  times  reported 
to  date  fM  electronic  devices. 

_,^In  spite  of  these  successes,  the  double-barrier 
has  one  fundamental  shortcoming  for  the  oscil- 
•*tor  applicadon.  The  steep  slope  in  the  NDR  region 
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makes  it  vay  difficult  to  achieve  dc  bias  stability  in 
this  region.  Gonsequen^,  only  small-area  diodes 
having  a  suitably  high  differendal  resistance  can  be 
used.  In  the  case  of  osdllators,  the  !tmall  area 
to  a  low  ouqiut  power  reladve  to  other  two-terminal 
negadve-resistance  devices,  such  as  Gunn  and 
IMP  ATT  diodes.  To  overcome  this  shwteoming,  one 
must  design  either  an  RTD  osciUator  diat  does  not 
require  dc  stability  in  die  NDR  region  or  a  new  type 
of  RTD  that  povides  a  wider  NDR  regkm  for  greater 
case  of  dc  biasing  in  large-area  diodes.  The  jnesent 
oscfflatcc  appre^  makes  it  possible  to  bias  the  RTD 
in  a  posidve-differendal-resistance  (PMl)  regkn  so 
that  dc  bias  stability  can  be  easOy  achieved. 

Relaxation  OscOIator 

The  new  RTD  osciOaior  is  based  on  die  repeddve 
switching  through  the  NDR  region  between  dc-stable 
points  iymg  below  the  peak  point  and  above  the  val¬ 
ley  point  To  establish  this  type  of  oscillation,  we 
imagine  diat  the  RTD  is  connected  to  one  end  of  a 
short-ctreuited  transmission  line,  as  shown  in  Hg.  1 
The  transmissioo  line  has  a  characteristic  impedance 
^  and  an  electrical  dme  delay  ti-  The  RTD  is 
biased  through  a  bias  resistor  IV  with  a  supply  vol¬ 
tage  Vb.  The  quiescent  operadon  point  is  initially 
just  below  the  p^  or  just  above  the  valley,  and  the 
RTD  is  induced  to  switch  toward  the  vall^  or  peak, 
respecdvely.  by  a  slowly  a^ilicd  voltage  ranqi  AV. 
Once  the  first  switch  occurs,  a  pulse  travels  down  the 
line,  is  reflected  from  the  shtw  with  invoted  polarity, 
and  arrives  back  at  the  RTD  aftw  a  dme  2tj.  If  2tJ 
is  sufficiently  greater  than  the  RTD  switching  dme  t,, 
then  the  return  pulse  will  induce  the  RTD  to  switch 
back  to  the  inidal  t^ieradng  point  TTie  subsequent 
return  pulse  dicn  induces  a  switch  similar  to  the  first 
one,  and  the  jm^s  repeats  at  a  rate  of  (4t,j)~‘.  The 
overall  process  is  classffied  as  a  relaxatkm  osetUadon 
because  the  RTD  dwells  in  either  of  its  HDR  regions 
between  switching  events. 
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lator. 


Device  Modeb 


To  demonstrate  the  operational  characteristics  of  t^ 
oscillator,  we  have  simulated  it  namcncally  usmg  tl» 
program  SP1CE3E.  The  tr^ssiOT  liM  is 
rCT^ted  by  the  standard  SPICE3  model,  which  is 
lossless  and  dispcrsionless.  The  RTD  is  represented 
by  the  parallel  combinatioo  of  a  nonlinear  voltage- 
controlled  current  generator  and  a  nonlinear  capaci- 
tancc.  The  voltage  dependence  of  Ac  current  gen¬ 
erator  is  designed  to  be  an  accurate  i*ys«^ 
representation  of  the  RTO,  taking  ^ 

transcendental  functiems  available  m  SPICT3ETite 
cuncnt-voltagc  (I^V)  characteistic  of  the  RTD  is 
assumed  to  have  the  fwm 

I  =  cjV  tan'kcjV+cj)  -  tan“‘(C2V4C4)  J+CsY’^+c^V*  , 

where  the  constants  Cj  through  C4  arc  detamined^ 
the  tum-on  voltage,  peak  volu^  peak  cunent,  ^ 
peak  differential  conductance  «  the  RTD,  atw  tne 
constants  C5  and  c«  are  determined  after  obtainmg  Cj 
through  C4  by  fitting  to  the  valley  current  and  one 
arbitrary  point  bcy<^  the  valley.  The  exixments  m 
and  n  (n  >  m)  are  chosen  to  twain  a  satisfactoiy  fit 
to  the  overall  I-V  curve  beyond  the  valley  pomt 
The  two  tan"^  terms  occur  in  the  stationary-state  tun¬ 
neling  theory  of  the  RTD.  with  a  Loientzian  f<Hm 
used  for  the  transmissioo  probability  and  a 
erate  electron  populatkm  assumed  on  the  cathode 
side  of  the  resonant-tunneling  structure.  The  two 
polynomial  terms  account  fw  die  excess  ciment, 
which  is  the  primary  current  component  bey<^  tlte 
valley  point  The  capacitance  of  the  RTD  is 
repre^ted  by  the  SPICE  model  for  a  back-biased 
junction  diode,  C  =  Co(l  +  V/yjJ*V^  where  Cq  is  dre 
zero-bias  capacitance  and  Vj  is  the  built-in  potennaL 
The  diode  reverse  saturatiOT  current  is  made  negligi¬ 
bly  smaU. 

Shown  in  Rg.  2  is  the  I-V  curve  simulated  here. 
It  appUes  to  a  4-pm^  RTO  having  a  peak  current 
density  of  1.8x10*  A  cm"‘  and  a  sp^c  t^itance 
at  the  peak  of  1.4  fF  The  model  I-V  curve 


Fig.  2.  Current-voltage  characteristic  ot  RTD 
modeled  as  relaxation  oscillator. 
straight  fine  shows  the  dc  load  line 
presented  to  the  RTD  after  the  ai^dkation 
tlte  start-up  ramp. 

has  the  parameters  Cj  =  0.0052,  Cj  =  7A3,  C3  =  5.0, 
C4  =  15.0,  C5  =  0.0000809,  Cj  =  0.0014,  m  «  1.  and  n 
=  5.  The  resulting  peak-to-vaDcy  current  ratio  PVCR 
is  63,  whkhtt  equal  to  the  highest  rocan- 
temperature  PVCR  obtained  with  (kAs/AlGaAs 
RTDs  0-C-,  C3aAs  quantum  wcHs  and  AXIaAs  bar¬ 
riers)  but  is  sub-standard  for  In()_53Gao_47As/AlAs 
RTDs.  The  capacitance  parameten  are  Q  »  14.0  fF 
and  V,  -  0.1  V,  which  yields  C  -  53  fF  at  die  peak 
voltage. 

Numerical  Results 

The  voltage  difierence  amoss  the  RTD  is  diown 
in  Rg.  3  for  four  diffoent  transmissioo-line  delays 
under  the  conditions  Zq  =  50Q,  Rj^  =  50Q,  and  Vg 
=  0.75  V.  The  amplitude  and  duratum  of  the  start-iq) 
ramp  are  0.2  V  and  10  ps,  respectively.  In  Fig.  3(a), 
we  see  that  tg  »  0.9  ps  yields  a  single  switching 
event  followed  by  ringing  around  the  vallqr  pdnt  oi 
the  RTO.  The  smallest  tj  for  which  the  swtehing  is 
persistent  is  approximately  1.0  ps.  In  this  case  d» 
waveform  is  quasi-sinusoidal,  as  shown  in  Hg.  3(b). 
(Oscillatory  behavior  is  also  observed  wi*  the  longer 
times  <rf  3  ps  in  Rg.  3(c)  and  10  ps  in  Fig.  3(d). 
However,  it  b  ajqiarent  from  the  latter  wavrfbnns 
that  with  increasing  delay  time  the  RTD  voltage 
resembles  a  square  wave.  The  minimum  and  max¬ 
imum  voltage  levels  of  the  square  wave  represent  die 
dwell  <rf  the  RTO  voltage  below  and  above  dte  peak 
and  valley  points,  respectively. 
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Hg.  3.  Relaxadcn  oscillator  wavefexms  of  voltage  difTcFeace  across  the  RTD  for  various 
transmission-line  delays:  (a)  tj  =  0.9  ps,  (b)  tj  =  l.O  ps,  (c)  tj  =  3  ps,  (d)  tj  =  10  ps. 


The  output  voltage  wavefcvms  across  Ri  are 
shown  in  Ing.  4  for  the  same  electrical  delays.  iW 
>  1.0  ps  in  Hg.  4(b},  we  find  a  qoasi-sinusoidal 
waveform  at  a  fi^ucncy  of  192  GHz  and  a  poww  of 
0.5  mW.  However,  it  b  apparent  fixwn  Rgs.  4(c)  and 
4(d)  that  the  oscillattw  ouqrat  wavefemn  b^mes 
highly  non-sinusoidal  with  increasing  delay  time. 
Tte  wavefewm  consists  of  a  sequence  of  pulses  hav¬ 
ing  a  full  width  at  half-maximum  of  1.9  ps  and 
repetition  tin»  of  approximately  41^.  During  the 
rq)etitioo  poiod  two  pulses  occur  having  <^)posite 
polarities.  These  pubes  represent  the  two  switching 
events  required  to  complete  one  cycle  around  the 
dynamic  load  line  of  the  RTD.  Vex  both  polarities, 
tte  pulse  width  b  somewhat  greater  tiian  the  10-90% 
switching  time  tg  of  the  RTD  between  the  p^  and 
valley  points.  An  analytic  cx[»ession  for  t|(  b  given 
by  4.4AVOAI,  where  AV  b  the  difference  between 
the  valley  and  peak  voltages,  C  b  the  capacitaiKe  at 
the  peak  point,  and  A  1  b  the  difference  between  the 
peak  and  valley  currents  [3].  For  the  present  RTD 


we  have  AV  »  0.28,  AI  =  6.0  mA,  and  C  =»  5 J  fF,  so 
that  t^  »  1.1  ps.  The  difference  between  ^  and  the 
relaxation  oscillator  pulse  width  is  caused  by  the  fact 
tiiat  the-  oscillator  switebes  over  a  wider  voltage 
range,  between  the  peak  and  a  point  approximately 
0.4  V  beyond  the  vaUey. 

Non-Ideal  Transmission  Line 

Two  important  practical  issues  concening  thb 
oscillator  are  the  degree  to  which  ^  power 
reflection  from  the  short-circuited  end  of  the 
transmission  line  can  deviate  from  unity  and  the  sen¬ 
sitivity  of  die  oscOlatM-  to  the  form  of  die  start-up 
ramp.  To  address  die  first  bsue  the  short  circuit  was 
repl»ted  with  a  load  resistor  whose  resistance  R-j-  was 
increased  up  to  the  point  where  oscillations  woe  just 
maintained.  Thb  defines  a  minimal  power  reflection 
p  =  ((Rr-Zoy(RT+Zo)r.  For  the  1.0,  3.0,  and  10.0 
ps  delajrs,  the  minimal  powo-  reflections  were  97,  69, 
and  59%,  respectively.  To  address  the  second  issue. 
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Fig.  4.  Relaxation  oscillate  wavcfOTins  of  voltage  across  the  load  resistor  fot  various 
transmission-line  delays:  (a)  =  0.9  ps.  (b)  t^  =  1.0  ps,  (c)  tj  =  3  ps,  (d)  tj  =  10  ps. 


the  start-up  ramp  duration  was  increased  from  10  ps 
to  1  ns  in  several  steps.  In  all  cases  the  steady-state 
waveforms  were  practically  identical,  [aoving  that 
the  only  role  of  the  staxt-'up  rai^  is  to  trigger  the 
first  switching  event  No  energy  is  required  firom  the 
ramp  to  sustain  the  oscillations. 

Conclusion 

In  conclusion,  a  new  oscillator  is  proposed  that 
entails  the  repetitive  switching  of  an  RTD  connected 
to  a  short-circuited  transmission  line.  When  the 
electrical  delay  of  the  line  is  much  greats  rhan  the 
RTD  switching  time,  the  oscillator  generates  a  pulse 
train  having  a  repetition  rate  equal  to  (4tj)~*  and  a 
pulse  width  equal  to  tj.  When  the  electrical  delay  is 
comparable  to  the  switching  time,  the  oscillator  out¬ 
put  is  quasi-sinusoidaL  Ccnscquently,  tte  relaxation 
oscillabx^  is  a  compel  electrical  design  that  can 
function  either  as  a  picosecond  pulse  generator  or  as 
a  high-fiequeiKy  cw  source. 
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Resonant  tunneling  through  mixed  quasibound  states  In  a  tripie-well 
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A  triple-well  resonant-tunneling  structure  made  from  the  In^  53Gao  47AS/ AlAs  material  system 
yields  a  broad  negative  differential  resistance  (NDR)  region  without  the  precipitous  drop  in 
current  that  occurs  in  single-well  structures.  This  NDR  characteristic  is  attributed  to  resonant 
tunneling  through  mixed  quasibound  states.  A  diode  made  from  this  structure  is  used  to 
generate  a  nearly  constant  power  of  0.5  mW  up  to  16  GHz. 


Resonant  tunneling  continues  to  attract  practical  inter¬ 
est  since  it  is  a  transport  process  that  provides  a  high-speed 
negative  differential  resistance  (NDR)  with  very  high  pezk 
current  density  Jp  and  useful  peak-to- valley  current  ratio  at 
room  temperature.  The  device  used  for  the  majority  of 
applications  has  been  the  single-well  (double-bamer) 
resonant-tunneling  diode  (RTD).  A  characteristic  shared 
by  nearly  all  single-well  RTDs  is  the  steep  NDR  region 
just  above  the  peak  voltage.  While  this  characteristic  is 
beneficial  in  switching  applications,'  it  is  often  detrimental 
to  analog  applications  such  as  oscillators.  In  this  letter  we 
demonstrate  a  triple-well  RTD  having  a  more  gradual 
NDR  region.  Originally  we  designed  this  RTD  to  see  if 
high  Jp  could  be  obtained  in  multiple-well  structures  and 
to  search  for  new  resonant-tuimeling  effects.  Our  numerir 
cal  simulations  showed  that  high  Jp  was  possible  by  suc¬ 
cessively  decreasing  the  well  widths  between  the  cathode 
and  anode  sides  of  the  structure.  This  approach  was  pro¬ 
posed  several  years  ago  by  Summers  and  Brennan.^  In  their 
structures  the  width  of  adjacent  quantum  wells  was  much 
different,  leading  to  a  distinct  peak  in  the  current-voltage 
(/-F~)  curve  for  each  quasibound  level  in  the  structure.  In 
the  present  structure  adjacent  wells  are  much  closer  in 
width,  resulting  in  a  strong  interaction,  or  mixing,  between 
qiiasibound  states. 

The  diodes  were  fabricated  from  a  wafer  containing 
epitaxial  layers  of  Ino.53Gao47As  and  AlAs  on  a  n'*'-InP 
substrate.  The  layers  were  grown  by  molecular  beam  epi¬ 
taxy  at  500  *C.  The  Ino.53Gao.47As/AlAs  material  system 
was  chosen  in  lieu  of  the  more  common  GaAs/ 
Al;tGa,_;tAs  system  because  of  its  superior  resonant¬ 
tunneling  properties.  The  tunneling  structure  consists  of 
four  undoped,  1.4-nm-thick  AlAs  barriers  separated  by 
three  undoped  Ino.j3Gao.47As  quantum  wells  of  graded 
width.  Starting  from  the  bottom  (or  substrate)  side,  the 
widths  of  the  quantum  wells  are  4.0,  4.6,  and  5.2  ran. 
Outside  of  the  tunneling  structure  are  lightly  doped  (filp 
=2x  10'*  cm“^)  spacer  layers  of  thickness  50  and  10  ran 
on  the  bottom  and  top  sides,  respectively.  Outside  of  the 
spacer  layers  are  thick  n'*'  regions  doped  to  iV|>=lXl0 
cm“^.  The  latter  regions  serve  as  the  top  and  bottom  con¬ 
tacts.  Mesas  were  fabricated  by  defining  8-/im-square  metal 
pads  on  the  top  surface  and  wet  etching  to  approximately 
0.1  /im  below  the  tunnel  structure  using  a  H3P04-based 
solution.  Electrical  contact  was  made  to  the  top  pad  by  a 
fine  wire  and  to  the  bottom  of  the  wafer  by  soldering. 


The  experimental  room-temperature  /-K  curve  ob¬ 
tained  by  conventional  wafer  probing  is  shown  in  Fig. 
1(a).  Negative  bias  voltage  was  applied  to  the  top  contact, 
and  the  solid  and  dashed  lines  represent  dc-stable  and  dc- 
unstable  regions,  respectively.  The  /-F  curve  has  three  cur¬ 
rent  peaks  near  bias-voltage  magnitudes  Fj  of  1.6,  2.6,  and 
3.5  V,  and  labeled  A,  B,  and  C,  respectively.  The  current 
density  at  peak  A  is  1.1  X 10^  A  cm"^,  which  is  very  close 
to  the  theoretical  value  calculated  below.  At  least  two 
closely  spaqed  NDR  regions  are  apparent,  containing 
broad  plateaus  centered  at  approximately  1.8  and  2.7  V.  A 
dc-stable  positive-resistance  region  [labeled  D  in  Fig.  1  (a)] 
appears  between  the  A  and  B  current  peaks.  With  positive 
bias  applied  to  the  top  contact,  the  7-  F  curve  displays  three 
well-separated  current  peaks  with  only  the  second  peak 
having  a  substantial  NDR  r^on.  The  positive-biased  /-F 
curve  is  less  interesting  than  the  negative-biased  curve  and 
thus  will  not  be  discussed  further. 

In  double-barrier  RTDs,  a  plateauhke  structure  in  a 
NDR  region  is  usually  indicative  of  oscillations  occurring 
between  the  diode  and  the  measurement  circuit.  To  ascer¬ 
tain  the  nature  of  the  NDR  plateaus  in  the  present  diode, 
we  mounted  an  8x8  /xm  device  in  a  coaxial  package  and 
induced  oscillations  with  a  double-stub  tuner  connected 
between  the  diode  package  and  a  microwave  spectrum  an¬ 
alyzer.  Oscillations  were  observed  in  the  NDR  plateaus 
above  current  peaks  A  and  B  that  were  similar  to  the  os¬ 
cillations  in  single-well  RTDs,  having  a  power  of  a  few  /xW 
and  a  frequency  that  varied  greatly  with  the  adjustment  of 
the  tuner.  However,  much  more  powerful  oscillations  were 
observed  in  the  intermediate  region  D.  The  most  powerful 
oscillations  in  this  region  were  0.44  mW  at  4.92  GHz,  0.53 
mW  at  12.2  GHz,  and  0.46  mW  at  16.3  GHz.  The  small 
change  of  power  with  frequency  suggests  that  the  maxi¬ 
mum  frequency  at  which  these  oscillations  can  occur  is 
very  high. 

The  fact  that  the  device  oscillates  at  all  values  of  Vg 
between  1.6  and  2.9  V  indicates  that  the  intrinsic  /-F  curve 
(i.e.,  the  /-F  curve  measured  in  the  absence  of  oscillation) 
of  this  device  may  contain  a  NDR  regiem  over  this  entire 
range.  To  investigate  this  possibility,  we  replaced  the  co¬ 
axial  tuner  with  an  attenuator  mounted  in  close  proximity 
to  the  device  to  eliminate  the  circuit  resonances.  The  re¬ 
sulting  /-F  curve  is  shown  in  Fig.  1(b)  and  displays  a 
nearly  continuous  NDR  t^ion  between  1.6  and  2.9  V.  The 
roughness  just  above  the  current  peak  at  1.6  V  is  thought 
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FIG.  2.  Theoretical  /-F  curve  of  the  triple-well  RTD,  as  computed  from 
a  stationary-state  model  of  resonant  tunneling.  The  chairlike  structure 
between  1.1  and  1.5  V  is  caused  by  resonant  tunneling  through  mixed 
quasibound  states  of  adjacent  quantum  wells  in  the  structure. 


FIG.  1.  (a)  Room-temperature  I-V  curves  of  the  triple- well  RTD.  The 
dashed  regions  represent  discontinuous  transitions  resulting  from  self¬ 
rectification  of  oscillations  occurring  in  the  NDR  regions,  (b)  /-F  curve 
of  the  same  triple-well  RTD  as  in  (a)  but  mounted  in  a  coaiial  package 
configured  to  suppress  oscillations  up  to  at  least  22  GHz.  The  /-F curve 
of  a  single-well  RTD  having  nearly  the  same  peak  current  is  also  shown 
for  comparison. 


to  be  caused  by  oscillations  occurring  at  frequencies  well 
above  the  22-GHz  frequency  limit  of  the  spectrum  ana¬ 
lyzer.  The  1.3-V  width  of  the  NDR  region  in  Fig.  1(b)  is 
significantly  greater  than  that  of  typical  single-weU  RTDs. 
For  example.  Fig.  1  (b)  shows  the  0.4-V-wide  NDR  region 
of  a  single-well  RTD  having  nearly  the  same  Jp  and 
cladding-layer  doping  profile  as  the  present  device. 

To  understand  the  physical  cause  of  the  broad  NDR 
region,  we  have  simulated  the  electrical  current  through 
the  triple-well  structure  using  a  stationary-state  model.  In 
this  model  the  current  in  each  longitudinal  energy  interval, 
AE^,  is  the  product  of  the  quantum-mechanical  coherent 
transmission  probability  T*T  through  the  structure  and 
the  supply  function  5(Ei)AE£  of  electrons  on  the  cathode 
side.^  The  resulting  I-V  curve  for  the  triple-well  structure 
with  negative  bias  applied  to  the  top  contact  is  shown  in 
Fig.  2.  A  prominent  feature  of  this  curve  is  the  chairlike 
structure  extending  between  1.0  and  1.5  V.  This  behavior  is 
quite  unlike  anything  seen  in  the  theoretical  I-V  curves  of 
single-well  RTDs.  As  discussed  next,  it  can  be  explained  by 
the  eflFect  of  resonant  tunneling  through  two  closely  spaced 
levels. 

The  chairlike  structure  is  analyzed  by  examining  sep¬ 
arately  computed  curves  of  T*T  and  S(Ei)  vs  bias  volt¬ 
age.  In  computing  these  quantities,  we  assumed  that  the 
electric  field  across  the  tunnel  structure  is  uniform,  the 
zero  of  energy  is  at  the  conduction  band  edge  on  the  cath¬ 
ode  side,  and  the  electron  Fermi  distribution  on  the  cath¬ 
ode  side  is  degenerate.  The  dependence  of  r*T  and  S{Ei) 
upon  energy  for  several  values  of  Vp  is  shown  in  Fig.  3.  At 
zero  bias  [Fig.  3(a)],  T*T  displays  a  triplet  of  peaks  cor¬ 


responding  to  the  quasibound-state  energies  for  the  4.0-, 
4.6-,  and  5.2-nm  wells  of  Ej  ,=0.143  eV,  E,  2=0. 170  eV, 
and  E,  3=0.204  eV,  respectively  (the  symbol  E„  „  denotes 
the  mth  quasibound  level  in  the  nth  quantum  well  from  the 
cathode  side).  With  increasing  bias,  E,  3  drops  most  rap¬ 
idly,  followed  by  E,^  and  E, ,.  With  just  a  small  bias  of 
Fj=0.39  [Fig.  3(b)],  the  three  states  approach  a  point  of 
minimum  energy  separation  and  high  combined  transmis¬ 
sion  probability.  However,  practically  no  current  flows  at 
this  bias  because  of  the  small  overlap  between  T*T  and 
SiEi). 

At  F^=0.96  V  [Fig.  3(c)],  corresponding  to  the  cur¬ 
rent  peak  in  Fig.  2,  the  overlap  between  T*T  and  S(Ei)  is 
large,  and  the  separation  between  transmission  peaks  is 
much  greater  than  at  lower  voltages  because  the  bias  elec¬ 
tric  field  has  caused  the  levels  to  interchange  their  order  in 
energy.  The  dominant  transmission  peak  associated  with 
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FIG.  3.  Transmission  probability  (solid  curve)  and  supply  function 
(dashed  curve)  for  the  triple-well  RTD  at  specific  bias  voltages  across  the 
active  region  of  the  device,  (a)  Vg-O.O,  (b)  Kj=0.39  V,  (c)  F,=0.96  V, 
and  (d)  Vg=\A\  V.  A  uniform  electric  field  Ety  was  assumed  to  exist 
across  the  triple-well  structure. 
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E\  2  is  approaching  the  lower  edge  of  the  supply  function, 
which  explains  the  sharp  drop  at  1.1  V  in  Fig.  2.  Between 
1.1  and  1.6  V,  the  transmission  through  the  structure  ac¬ 
quires  a  dual  character  as  mixing  between  the  quasibound 
states  causes  the  probability  of  resonant  tunneling  through 
£■12  to  decrease  and  the  probability  through  £11  to  in¬ 
crease.  The  same  type  of  mixing  occurs  between  £,j  and 
£,3  at  a  lower  bias  field  [cf.  Fig.  3(b)],  but  the  overlap 
between  T*T  and  SiE^)  is  so  slight  that  there  is  no  dis¬ 
cernible  effect  in  the  I-V  curve.  At  the  highest  Vg  of  1.41 
[Fig.  3(d)],  the  only  transmission  peak  of  the  triplet  that 
remains  within  the  supply  function  is  £,  j.  With  a  further 
increase  in  bias,  this  p^  drops  below  the  supply  function 
giving  rise  to  the  sharp  drop  in  Fig.  2  at  1.6  V.  The  sharp 
drops  at  1.1  and  1.6  V  result  from  the  narrowness  of  the 
quasibound-state  transmission  resonances  for  the  two  lev¬ 
els  in  the  coherent  model.  Experimentally  these  resonances 
are  greatly  broadened  by  scattering  processes  in  the  struc¬ 
ture.  The  broadening  has  the  effect  of  smearing  out  the 
sharp  transitions  and  rendering  a  smoother  I-V  curve  like 
the  experimental  one  in  Fig.  1(b). 

Two  other  essential  features  of  the  theoretical  I-V 
curve  are  explained  by  the  behavior  ol  T*T.  The  small 
undulation  in  Fig.  2  just  below  0.5  V  is  caused  by  the  drop 
of  £1,3  below  the  supply  function.  A  NDR  region  is  not 
observed  because  of  the  small  peak  magnitude  of  T*T 
through  £i,3  at  this  bias.  The  NDR  region  between  3.4  and 
3.6  V  in  Figs.  1  and  2  is  caused  by  resonant  tunneling 
through  £2.3.  Although  the  peak  transmission  through  this 
level  is  small,  the  NDR  region  is  easily  observed  because  of 
the  large  transmission  width. 

An  interesting  by-product  of  the  analysis  is  the  close 
agreement  between  the  experimental  and  theoretical  peak 
currents  in  Figs.  1  and  2.  This  is  reminiscent  of  the  favor¬ 
able  comparison  of  these  quantities  in  single-well  RTDs.  In 
the  single-well  case,  it  was  argued  that  the  inelastic  scat¬ 
tering  neglected  by  the  coherent  model  greatly  reduces  the 
peak  transmission  but  leaves  the  integrated  transmission 
unchanged.*’’  This  means  that  the  peak  current  is  also  un¬ 
changed  if  the  width  of  the  transmission  probability  func¬ 
tion  in  the  presence  of  scattering  remains  less  than  the 
Fermi  energy  on  the  cathode  side  of  the  structure.  The 
same  argument  carries  over  to  the  multiple-well  structures 
since  the  physical  basis  for  the  argument— the  Breit- 
Wigner  formalism  of  inelastic  scattering— also  applies  to 
these  structures.  However,  as  in  the  single-well  case,  the 
neglect  of  scattering  in  the  coherent  model  leads  to  a  sig¬ 
nificant  underestimation  of  the  current  at  the  valley  points. 

The  broadened  NDR  region  of  the  triple-well  RTD  is 
beneficial  for  oscillator  applications  because  it  facilitates  dc 
biasing  and  allows  for  greater  output  power  in  a  given 
resonant  circuit.  To  demonstrate  this,  we  compared  the 
oscillator  performance  of  the  triple-well  RTD  with  that  of 
the  single-well  RTD  of  Fig.  1  (b) .  The  single-well  RTD  has 
the  same  doping  profile  below  the  barriers  as  the  triple-well 
device,  so  that  the  electric  field  across  the  barriers  at  a 
given  bias  voltage  is  nearly  the  same.  The  experimental 
results  are  shown  in  Fig.  4.  Both  devices  were  mounted  in 
the  same  50-0  coaxial  resonator  for  oscillations  up  to  20 


FREQUENCY  (GHz) 

FIG.  4.  Oscillation  power  of  the  triple-well  and  single-well  RTDs  having 
the  I-V  curves  in  Fig.  1(b). 

GHz,  and  the  results  shown  for  the  single-well  RTD  at 
higher  frequencies  were  obtained  separately  in  a  waveguide 
resonator.  Neaf  10  GHz  the  triple-well  RTD  generates  an 
output  power  that  is  nearly  4  times  greater.  We  have  also 
investigated  parallel  arrays  of  these  diodes  to  increase  the 
output  power  to  values  well  above  1  mW.  To  date,  the 
highest  power  obtained  from  such  an  array  is  5  mW  near 
1.2  GHz.® 

In  conclusion,  we  have  demonstrated  an  enhanced 
NDR  effect  in  a  triple-weU  RTD  that  we  attribute  to  res¬ 
onant  tunneling  through  mixed  quasiboimd  levels.  This  ef¬ 
fect  is  characterized  by  a  broad  NDR  region  which  lacks 
the  precipitous  drop  in  current  that  occurs  in  single-well 
RTDs.  This  NDR  characteristic  is  useful  for  oscillators 
and  other  analog  devices.  The  keen  understanding  of  res¬ 
onant  tunneling  acquired  through  research  on  single-well 
structures  combined  with  the  steady  improvement  in  het¬ 
erostructure  materials  now  makes  this  type  of  multiple- 
well  RTD  practical  at  room  temperature. 
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The  appUcanon  of  quantum-effect  devices  in  digital  circuits  is  presently  of  great  interest  for 
computing  ai^  signal  processing.  The  central  principle  of  these  devices  is  multistable  operation  by 
way  of  ncgative-diffctential  resistance  (NDR).  This  paper  deals  with  a  bistable  quantum-effect 
device  consisting  of  resonant-tunneling  structures  monolithicaJly  integrated  with  high-frequency 
transmission  lines  as  a  basis  for  digital  logic  and  wavefonning  applications.  The  key  advantage  of 
the  device  over  conventional  logic  approaches  is  that  the  nonlinear  switching  elements  couple 
directly  to  a  quasi-TEM  naode  of  the  transmission  line.  This  greatly  reduces  the  deleterious  effects 
of  interconnects,  which  can  easily  limit  the  speed  of  quantum-effect  devices  in  a  conventional 
circtrit  because  of  their  relatively  low  current  density. 

Figure  1  illustrates  how  bistability  is  achieved  in  the  proposed  structure.  Rgure  1(a)  shows 
a  classic  oinfiguration  of  a  resonant-tunneling  diode  (RTD)  and  a  load  resistor.  In  Hg.  1^)  we  see 
that  the  leadline  intersects  the  RTD  I- V  curve  at  diree  points.  The  two  points  where  the  RTD  has  a 
positive-^erential  resistance  (I  and  DI)  are  unconditionally  stable,  wlme  the  one  in  the  I^R 
region  (II)  is  ac  unstable.  For  ease  monolithic  integration,  a  bisable  circuit  made  only  of  RTDs 
is  dcsir?ti)le.  One  such  configuration,  shown  in  Fig.  1(c),  utilizes  RTDs  of  two  different  sizes,  a 
large  one  as  the  switching  element  and  a  small  one  as  the  load  resistor.  The  theoretical  I- V  curve  is 
shown  in  Fig.  1(d).  Greater  voltage  swing  and  lower  satic  power  dissipation  arc  achieved  with  the 
configuration  shown  in  Rg.  1(c),  In  this  case,  a  different  supply  volage  is  chosen,  and  the 
thecHctical  I-V  curves  arc  shown  in  Fig.  1(f). 

We  seek  to  construct  two  very  different  kinds  of  circuits,  which  arc  Qlustrated  in  Rg.  2. 
The  first,  shown  in  Rg.  2(a),  is  an  inherently  Usable  transmissioo  line  which  could  be  used  in 
high-spe^  digital  applicatioos  as  a  low-loss  interconnect  or  possibly  for  pulse-shaping 
applications.  The  re^ts  of  a  SPICE  simulation  of  the  bistable  transmission  line  arc  presented  in 
Rg.  3.  A  5-GFIz  sine  wave  is  transformed  into  a  square  wave  of  the  same  period  and  c(»iparable 
amplinxte  after  passing  tinou^  ten  $a^  of  die  transmission  line. 

The  second  circuit  of  interest  is  shown  in  Rg.  2(b).  It  is  a  relaxation  oscillator  [1],  which 
depending  on  its  configuration  can  be  used  either  as  a  clock  for  hi^-qpeed  digital  systems,  as  a 
conerent  source  of  minimeter  wave  power,  or  as  a  picosecond  im^ilse  genoator.  Because  of  the 
variety  and  scope  of  the  dicuits  possible,  we  label  all  of  these  structures  as  rescmant-tunneling 
transmission  lines  or  RT^ 

This  i>aper  focuses  on  modeling  and  design  of  RT^L  devices  in  the  GaAs/AlGaAs  materials 
wstem.  Progress  will  be  r^xirted  on  the  fabrication  and  osting  of  the  RT^L  structures  on  a  3-inch 
UaAs  substrate. 


[1]  E  R.  Brown,  "Resonant-Tunneling  Transmission-Line  Relaxation  Oscillatw,"  OSA 
Pi^eedings  on  Ultrafast  Electronics  and  Optoelectronics,  J.  Shah  and  U.  Mishra,  eds.  ((Dptical 
Society  of  America,  Washington,  DC,  1993),  VoL  14,  pp,  91-94. 
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Fig.  2(a) 
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Fizure  2.  Circuit  schematics  for  two  RT^L  devices.  (a)A  bistab ie  transmission 
line  suitabie  for  logic  interconnect  or  pulse  shaping.  (b)A  relaxation  oscillator 
whose  frequency  is  determined  by  the  round  trip  time  from  the  RTD  to  the 
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Figure  3.  A  SPICE  simulation  of  an  RT^L 
pulse  shaping  application. 
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I.  INTRODUCTION 
A.  Overview 

Tunneling  is  a  strictly  quantum  medianical  process  that  entails  the 
passage  of  a  particle  from  one  classically  allowed  region  to  another 
through  a  classically  forbidden,  or  tunneling,  region.  Resonant  tunneling 
is  distinguished  by  the  presence  within  the  classically  forbidden  region  of 
quasibound,  or  metastable,  states  of  the  tunneling  particle.  In  solid-state 
resonant  tunneling,  the  quasibound  states  are  usually  associated  with 
impurities  in  the  tunneling  region  or  with  narrow  classically  allowed  re¬ 
gions  (i.e.,  quantum  wells)  contained  within  semiconductor  heterostruc¬ 
tures.  The  present  chapter  is  concerned  with  resonant  tunneling  in  the 
double-barrier  heterostructure,  which  is  composed  of  two  layers  of  a 
semiconductor  material,  such  as  AlAs,  embedded  in  another  semiconduc¬ 
tor  having  a  smaller  bandgap,  such  as  GaAs. 

Double-barrier  resonant  tunneling  has  attracted  considerable  attention 
because  it  is  one  of  the  few  solid-state  transport  phenomena  that  can 
provide  a  fast  negative  differential  resistance  (NDR)  at  room  temperature. 
The  NDR  region  has  been  used  as  the  basis  for  high-frequency  oscilla¬ 
tions  and  high-speed  switching.  For  example,  double-barrier  resonant¬ 
tunneling  diodes  (DBRTDs)  made  from  the  InAs/AlSb  material  system 
have  oscillated  up  to  712  GHz,  and  DBRTDs  made  from  the  GaAs/AlAs 
system  have  switched  from  the  peak-current  point  to  the  valley-current 
region  in  a  time  near  2  ps.  Much  of  the  interest  in  resonant-tunneling 
devices  stems  from  the  fact  that  these  results  are  among  the  highest 
oscillation  frequencies  and  the  lowest  switching  times  reported  to  date  for 
electronic  devices.  This  has  led  to  the  development  of  DBRTD  oscillators 
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for  the  terahertz  region  and  DBRTD  switches  for  signal  processing  and 
digital  applications. 

The  outline  of  this  chapter  is  as  follows.  Section  II  reviews  the  funda¬ 
mental  physical  characteristics  of  resonant  tunneling.  Section  III  deals 
with  the  various  resonant-tunneling  material  systems  and  the  dc  l-V char¬ 
acteristics  obtained  from  DBRTDs  in  these  systems.  These  include  III-V 
material  systems  having  type  I  band  offsets,  such  as  the  common  GaAs/ 
AlAs  (GaAs  quantum  well  and  AlAs  barriers);  those  having  type  II  off¬ 
sets,  such  as  InAs/AlSb;  pseudomorphic  systems,  such  as  In^Gai-^As/ 
AlAs;  and  column  IV  systems,  such  as  Si^Gei-^/Si.  Section  IV  covers 
some'of  the  key  issues  in  the  device  physics,  such  as  the  current  density, 
charge  storage  in  the  quantum  well,  current  fluctuations,  and  excess  cur¬ 
rent  mechanisms.  Section  V  analyzes  the  important  time-delay  mecha¬ 
nisms  operative  in  high-speed  diodes,  including  the  fundamental  RC  time, 
resonant-tunneling  traversal  time,  and  semiclassical  transit  time  across 
the  depletion  region.  In  Section  VI,  these  time  delays  are  combined  to 
yield  the  two  most  important  theoretical  measures  of  device  performance: 
the  maximum  oscillation  frequency  /max  and  the  switching  rise  time  /r  . 
Section  VII  summarizes  some  of  the  experimental  methods,  both  elec¬ 
tronic  and  optoelectronic,  that  have  been  employed  to  characterize  the 
speed  of  the  DBRTD.  Among  these  methods  are  oscillator-frequency 
measurement  and  switching-time  measurement  by  electro-optic  sarnpling. 
The  last  section  surveys  some  promising  analog  and  digital  applications  of 
DBRTDs.  Each  of  the  applications  utilizes  the  DBRTD  as  an  independent 
device.  The  chapter  does  not  address  the  integration  of  double-barrier 
structures  into  transistors,  such  as  the  resonant-tunneling  bipolar  transis¬ 
tor  [1],  the  resonant-tunneling  hot  electron  transistor  [2],  or  the  bipolar 
quantum- well  resonant-tunneling  transistor  [3]. 


B.  Historical  Background 

In  a  sense  the  double-barrier  structure  represented  a  retreat  from  rnore 
complicated  multiple-barrier,  or  superlattice,  structures  that  initially 
promised  new  electronic  functions,  such  as  Bloch  oscillations,  but  did  not 
perform  as  expected  [4,5].  The  first  realization  of  the  double-barrier  struc¬ 
ture  occurred  in  1974  with  the  observation  of  NDR  in  a  G'aAs/AlGaAs 
DBRTD  at  low  temperatures  [6].  Following  this  pioneering  result,  most  of 
the  work  in  heterostructures  centered  around  the  development  of  molecu¬ 
lar  beam  epitaxy  (MBE),  since  it  was  clear  that  the  quality  of  the  materials 
in  these  structures  would  have  to  be  improved  in  order  to  observe  the 
NDR  or  any  other  quantum  transport  effect  at  room  temperature.  The 
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primary  structures  studied  during  this  time  were  single-heterojunction 
devices  or  quantum  wells  rather  than  resonant-tunneling  structures.  The 
subsequent  improvements  in  materials  growth  led  to  the  advent  of  two 
very  important  devices:  the  heterojunction  diode  laser  and  the  hetero¬ 
structure  field  effect  transistor  (FET).  However,  the  resonant-tunneling 
structure  went  relatively  unstudied  until  1983.  At  that  time,  a  cooled 
GaAs/AlGaAs  double-barrier  structure  was  used  to  rectify  2.5-THz  laser 
radiation  [7].  This  pivotal  experiment  demonstrated  that  resonant  tunnel¬ 
ing  was  a  very  fast  process,  and  it  spurred  the  development  of  improved 
materials.  Within  3  years,  several  groups  had  achieved  a  large  room- 
temperature  NDR  effect,  first  in  the  GaAs/Alo.25Gao.75As  material  system 
[8]  and  shortly  thereafter  in  the  GaAs/AlAs  system  [9,10]. 

In  the  ensuing  years,  the  research  has  branched  in  different  directions, 
with  much  of  the  effort  aimed  at  developing  new  material  systems  or  at 
understanding  the  dynamic  characteristics  of  resonant  tunneling.  A  key 
advance  in  material  systems  was  the  development  of  indium-bearing 
heterostructures,  as  discussed  in  Sections  III.C  and  III.D.  The  research 
on  the  dynamic  characteristics  has  centered  around  a  set  of  oscillation 
and  switching  experiments,  described  in  Section  VII,  and  around  the 
quantum  transport  theory,  described  in  Chapter  9. 

II.  PHYSICAL  CONCEPTS  IN  RESONANT  TUNNELING 

A.  Resonant-Tunneling  Conditions 

The  fundamental  requirement  for  resonant  tunneling  in  any  structure  is 
spatial  quantization.  This  entails  the  formation  of  quasibound  states 
whose  energy  can  be  found  by  solving  the  time-independent  Schrodinger 
equation  for  the  structure.  Each  state  is  characterized  by  a  quasibound 
energy  and  a  lifetime  .  These  quantities  are  related  to  the  tunneling 
process  in  that  E„  is  the  «th  peak  of  the  transmission  probability  T*T 
versus  longitudinal  energy  Ez  (the  energy  along  the  direction  perpendicu¬ 
lar  to  the  barriers);  t„  =«  h[Y„  where  r„  is  the  full  width  at  half-maximum 
of  the  «th  peak  of  the  T*T  curve.  The  requirement  for  spatial  quantiza¬ 
tion  is  E„  ^  ^/ts  ,  where  Tj  is  the  inelastic  scattering  time  for  an  electron 
occupying  the  «th  state.  In  the  limit  of  an  infinitely  deep  quantum 
well  where  £„  =  (hk^Vlm*  -  in7ThYI2m*L\i ,  this  inequality  becomes 
Ts  s  ILy^lmrv^  =  Itjmr,  where  Lw  is  the  quantum  well  width,  Ug  = 
hkjm*  is  the  group  velocity,  m*  is  the  effective  mass,  and  /w  is  the 
semiclassical  traversal  time.  In  other  words,  spatial  quantization  re¬ 
quires  that  the  electron  traverse  the  quantum  well  roughly  once  or 
more  without  scattering. 
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Resonant  tunneling  is  also  characterized  by  the  relative  magnitudes  of 
T„  and  Ts .  If  T„  <  Ts ,  the  resonant  tunneling  through  the  /ith  state  is  said  to 
be  coherent,  since  under  this  condition  the  electron  does  not  scatter  dur¬ 
ing  the  process  and  thus  the  phase  of  the  wave  function  at  each  point  in 
space  is  continuous  in  time.  If  t„  »  Tj  ,  the  resonant  tunneling  is  said  to  be 
sequential.  In  this  case,  the  wave-function  phase  is  partially  randomized 
by  scattering  events  that  occur  in  the  double-barrier  structure.  Thus, 
resonant  tunneling  can  be  neatly  classified  by  the  three  characteristic 
times,  r„,  tw,  and  Ts  [11,12].  Coherent  resonant  tunneling  satisfies  t„  < 
Ts  >  tw,  and  sequential  resonant  tunneling  satisfies  t„  >  Ts  >  tw . 


B.  Transmission  Probability 


Resonant  tunneling  can  be  analyzed  within  the  stationary-state  formal¬ 
ism  of  quantum  mechanics.  One  can  represent  a  particle  incident  on  the 
double-barrier  structure  as  a  plane  wave  having  a  wave  vector  = 
(2m*Ezy'^lh  along  the  z  direction.  The  interaction  of  the  particle  with  the 
double-barrier  structure  is  described  entirely  by  the  transmission  proba¬ 
bility  T*T(Ez).  In  the  situation  where  the  energy  in  the  lateral  plane  is 
conserved  throughout  the  resonant-tunneling  process,  only  those  parti¬ 
cles  having  Ez  nearly  equal  to  can  traverse  the  structure  with  a  signifi¬ 
cant  probability.  For  these  particles  the  transmission  probability  is  ap¬ 
proximated  by  the  following  Lorentzian  form  [12,13]: 


T*T  = 


rLfR 

*  n  A  /I 


(Ez  -  Enf  +  r^4’ 


where  rjf  and  are  the  partial-width,  or  transparency,  factors  for  the  left 
and  right  barriers,  respectively.  In  the  presence  of  certain  types  of  scat¬ 
tering,  this  expression  can  be  generalized  to  the  form 

T»T  =  r  1 _ Tr _ 

‘  ‘  Lrir  +  rjJ  (£z  -  +  r|/4’  '  ’ 

where  Ft  =  +  Ts ,  and  Fs  is  a  scattering  parameter.  In  this  case, 

T*  T  represents  the  probability  for  an  electron  to  enter  the  structure  at  Ez 
and  to  exit  at  any  energy.  The  scattering  causes  the  energy  of  the  particle 
to  be  uncertain  after  entering  the  structure.  However,  the  integrated  prob¬ 
ability,  T*T{Ez)  dEz,  is  independent  of  Fs.  This  is  analogous  to  the 
sum  rule  for  oscillator  strengths  in  the  quantum  theory  of  radiative  transi¬ 
tions.  Analytic  expressions  have  been  derived  for  the  first-quasibound- 
state  partial  widths,  Ff  and  F^,  under  the  following  conditions  [13]:  (1)  the 
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potential  energy  is  everywhere  flat  except  for  the  step  discontinuities  at 
the  heterojunctions,  and  (2)  the  dispersion  relations  for  the  particle  are 
parabolic  in  all  regions,  including  the  barriers. 

In  many  practical  situations,  such  as  double-barrier  structures  under 
large  bias,  the  analytic  expressions  for  T*T are  inadequate  and  one  must 
rely  on  numerical  solutions.  Under  the  condition  of  lateral  momentum 
conservation,  one  solves  the  longitudinal  effective-mass  Schrddinger 
equation, 

E(Pz/^)F(z)  +  Viz)F(z)  =  £F(z),  (3) 

where  Pz  is  the  longitudinal  momentum  operator,  E{Pz/h)  is  the  energy- 
dispersion  functional,  V(z)  is  the  electron  potential  energy  including  both 
compositional  and  electrostatic  contributions,  F{zy  is  the  envelope  func¬ 
tion,  and  E  is  the  energy  eigenvalue.  Near  the  conduction  band  edge  of 
any  semiconductor,  the  dispersion  relation  along  a  given  direction  of 
momentum  space  is  parabolic,  so  that  E{Pz/h)  =  Pl/2m*  where  m*  is  the 
local  effective  mass.  In  this  case,  Eq.  (3)  is  a  second-order  linear  differen¬ 
tial  equation  that  is  solved  uniquely  by  applying  the  boundary  conditions 
of  the  continuity  of  F  and  the  continuity  of  the  electron  flux  (1/m*)  dFIdz 
at  each  heterojunction  in  the  structure  [14].  T*T  through  the  structure  is 
obtained  by  connecting  the  solutions  across  the  heterojunctions  using  the 
transfer  matrix  technique  [15]. 

If  the  particle  energy  is  not  near  a  band  edge  or  is  near  the  edge  of 
degenerate  bands,  then  the  effective-mass  equation  does  not  apply 
straightforwardly.  The  common  approach  in  this  case  is  to  employ  the  so- 
called  envelope  function  approximation  [16].  The  tunneling  wave  function 
is  represented  as  a  combination  of  conduction-  and  valence-band  enve¬ 
lope  functions,  and  the  dispersion  relations  are  formulated  within  the 
context  of  multiple  bands.  For  example,  two-band  models  (T-point  elec¬ 
tron  and  light  hole)  have  been  successful  in  describirig  energy  levels  in 
type  II  band  structures  (defined  in  Section  III. A)  [16].  Two-band  models 
have  also  been  applied  in  tunneling  problems  [17].  A  useful  simplification 
of  this  formalism  for  electron  tunneling  results  from  assuming  that  the 
wave  vectors  and  effective  masses  are  everywhere  determined  by  non¬ 
parabolic  dispersion  but  that  the  wave  function  has  only  a  conduction 
band  component.  The  barrier  dispersion  is  determined  by  connecting  the 
conduction  band  to  the  light-hole  band  [18].  This  results  in  an  analytic 
expression  of  E  versus  K  where  K  is  the  attenuation  coefficient,  or  the 
imaginary  part  of  the  complex  wave  vector.  Associated  with  this  expres¬ 
sion  is  a  branch  point  where  K  reaches  a  maximum  value  in  the  bandgap. 
In  the  classically  allowed  regions,  it  often  suffices  to  model  the  electron 
dispersion  relation  by  the  expression  obtained  from  two-band  k  •  p  per- 
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turbation  theory  [19],  E{k)  =  ihk)H{  -  Ak^)l2m*,  where  A  is  a  constant 
that  depends  on  the  material. 

Some  questions  arise  regarding  the  validity  of  the  effective-mass  equa¬ 
tion,  or  envelope  function  approximation,  in  problems  of  heterobarrier 
tunneling.  It  is  often  asked,  for  example,  how  effectively  a  heterojunction 
couples  the  envelope  function  of  an  incident  electron  to  components  of 
the  wavefunction  in  the  barrier  at  different  points  in  the  Brillouin  zone. 
One  study  of  this  issue  has  shown  that  when  the  barriers  are  sufficiently 
thin,  the  coupling  is  weak  [20].  This  situation  applies  to  at  least  the  lower 
end  of  the  range  of  barrier  thicknesses  used  in  high-speed  DBRTDs, 
which  is  roughly  1.0  to  3.0  nm.  Thus,  one  can  assume  that  the  Brillouin 
zone  character  of  the  envelope  function  is  preserved  upon  tunneling 
through  thin  barters.  Another  question  is  whether  it  is  valid  to  neglect  the 
cell-periodic  part  of  the  wave  function  in  the  presence  of  the  abrupt 
change  of  potential  at  a  heterojunction.  The  answer  is  that  the  envelope 
function  alone  be  adequate  if  it  varies  slowly  over  a  unit  cell  [21].  This  is 
generally  true  in  semiconductor  heterostructufes,  where  the  electron  en¬ 
ergy  usually  lies  within  1  eV  or  so  of  the  closest  band  edge  and  thus  the  de 
Broglie  wavelength  (i.e.,  the  inverse  crystal  wave  vector)  is  much  larger 
than  a  unit  cell. 


C.  Electrical  Current  and  ND'R 

The  electrical  current  through  the  first  quasibound  state  of  a  double- 
barrier  structure  is  understood  from  the  diagram  given  in  Fig.  1.  As  the 
bias  voltage  is  increased  from  zero,  the  quasibound  level  in  the  quantum 
well  drops  relative  to  the  band  edge  on  the  emitter  or  cathode  side.  When 
the  quasibound  level  approaches  alignment  with  the  quasi-Fermi  level  Ep , 
the  electron  current  begins  to  increase  rapidly.  This  rise  can  be  explained 
by  the  number  of  electrons  in  the  cathode  Fermi  sphere  that  have  Ez  =  Et 
[22].  The  current  eventually  approaches  a  peak  near  the  voltage  that 
aligns  the  quasibound  level  with  the  conduction  band  edge  in  the  neutral 
region  on  the  cathode  side.  This  is  the  bias  voltage  depicted  in  Fig.  1.  At 
higher  voltages  there  are  no  electrons  with  Ez  =  Ei,  so  the  current  de¬ 
creases  precipitously  and  an  NDR  region  occurs.  This  NDR  region  is  the 
basis  for  all  of  the  high-speed  oscillations  and  switching  observed  to  date 
in  DBRTDs. 

The  quality  of  a  DBRTD  is  usually  given  by  the  peak  current  density  Jf 
and  the  peak-to-valley  current  ratio  PVCR  =  JplJ\,  where  Jp  and  Jy  are 
the  peak  and  valley  current  densities,  respectively,  associated  with  the 
NDR  region.  Other  quantities  of  importance  are  the  peak-to-valley  volt- 
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Fig.  1.  Conduction-band  bending  diagram  of  a  GaAs/ALAs  DBRTD  at  a  bias  voltage  corre¬ 
sponding  to  the  peak  of  the  resonant-tunneling  current  through  the  first  quasibound  state. 


age  ratio  PVVR  =  Vv/Vp,  where  Vv  and  Vp  are  the  valley  and  peak 
voltages,  respectively,  and  the  available  current  A7  =  Jp  —  /v-  For  high¬ 
speed  operation  the  current  density  should  be  relatively  large  1 
10^  A  cm"2)  for  the  same  reason  as  in  any  other  high-speed  electronic  , 
device:  high  current  density  is  required  for  fast  charging  and  discharging 
of  the  device  and  circuit  capacitance.  The  relationship  between  current 
density  and  device  speed  is  addressed  in  Section  VI. 


III.  RESONANT-TUNNELING  MATERIALS 
A.  Material  System  Properties 

It  is  a  testament  to  the  resonant-tunneling  phenomenon  that  its  trade¬ 
mark,  the  NDR  region,  has  been  observed  at  room  temperature  in  several 
different  material  systems  under  a  variety  of  crystalline  conditions.  In  this 
section  the  constitutive  properties  of  these  material  systems  are  summa¬ 
rized.  One  such  property  is  the  nature  of  the  band  alignment  that  occurs  at 
a  heterojunction  between  two  materials  of  different  bandgap.  The  well- 
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known  type  I  alignment  is  one  in  which  the  bandgap  of  the  narrower-gap 
material  is  contained  entirely  within  the  bandgap  of  the  other  on  an  energy 
diagram.  In  type  II  alignments,  the  bandgap  of  the  narrower-gap  material 
does  not  overlap  the  gap  of  the  other  material  at  all  and  usually  lies  well 
below  it.  In  type  II  staggered  stystems,  the  bandgap  of  the  narrower-gap 
material  overlaps  the  wider  gap  partially,  usually  in  the  bottom  portion  of 
the  wider  bandgap.  Thus  the  wider-gap  material  appears  as  a  barrier  to 
electrons  but  a  well  to  holes.  Independent  of  band  alignment,  each  of  the 
systems  is  designated  here  by  A/B,  where  A  and  B  are  the  two  constituent 
materials  and  B  is  the  material  with  the  wider  bandgap. 

A  second  constitutive  property  is  the  crystalline  state  of  the  semicon¬ 
ductor  layers  in  and  around  the  double-barrier  structure.  In  the  most 
desirable  (lattice  matched)  case,  all  layers  are  made  of  materials  having 
the  same  lattice  constant  as  the  substrate.  One  variation  is  to  lattice  match 
the  quantum  well  and  cladding  layers  but  use  a  material  having  a  different 
lattice  constant  in  the  barriers.  If  the  barriers, are  sufficiently  thin,  their 
lattice  will  conform  by  compression  or  tension  to  the  surrounding  layers 
in  the  lateral  plane,  and  will  deform  in  an  opposite  sense  along  the  longitu¬ 
dinal  axis.  This  is  called  a  pseudomorphic  match.  Another  variation  is  to 
lattice  match  the  barriers  but  use  a  material  of  a  different  lattice  contant  in 
all  or  part  of  the  quantum  well,  or  some  portion  of  the  cladding  layers. 
Again,  if  the  layers  are  sufficiently,  thin,  a  pseudomorphic  match  results. 
Finally,  if  the  lattice  constant  of  a  layer  is  so  different  from  the  substrate, 
or  if  the  difference  is  small  but  its  thickness  exceeds  a  critical  (pseudo¬ 
morphic)  limit,  this  layer  will  relax  to  its  intrinsic  lattice  constant  and 
dislocations  will  form  in  abundance. 

The  diversity  introduced  by  the  different  resonant-tunneling  material 
systems  is  exemplified  in  Fig.  2,  which  shows  the  theoretical  first-quasi¬ 
bound-state  electron  lifetime,  T|  =  fi/Ti ,  as  a  function  of  barrier  thickness 
for  a  fixed  quantum  well  thickness  of  4.6  nm.  Nonparabolic  effects  are 
included.  All  of  the  materials  represented  in  Fig.  2  have  type  I  band 
offsets  except  InAs/AlSb,  which  is  type  II  staggered.  The  important  as¬ 
pect  of  this  plot  is  the  broad  range  of  lifetimes  offered  by  different  mate¬ 
rial  systems  at  a  given  barrier  thickness.  This  is  a  result  of  the  strong 
dependence  of  the  lifetime  on  the  barrier  attenuation  coefficient,  t  = 
h/r\  «  expfATLe),  where  Lb  is  the  barrier  thickness.  The  difference  in  K 
between  the  material  systems  arises  from  differences  in  the  bandgap  or 
band  alignment.  For  example,  the  smaller  lifetimes  of  the  GaAs/AIo.42 
Gao.ssAs  structure  compared  with  the  GaAs/AlAs  structure  are  caused 
primarily  by  the  smaller  bandgap,  and  hence  barrier  height,  of  AI0.42 
Gao.sgAs.  In  contrast,  the  much  smaller  lifetimes  of  the  InAs/AlSb  struc¬ 
ture  compared  with  the  GaAs/AlAs  structure  are  caused  by  the  type  II 
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barrier  thickness  (nm) 

Fig.  2.  Lifetime  of  the  first  quasibound  state  in  double-barrier  structures  made  from  five  of 
the  material  systems  discussed  in  the  text.  In  each  structure  the  quantum  well  width  is  fixed 
at  4.6  nm. 

Staggered  band  alignment  of  InAs/AlSb,  which  is  discussed  in  Section 
III.D. 

B.  GaAs-Based  Structures 

The  GaAs  quantum  well  with  Al^Gai-^As  barriers  was  the  first  material 
system  to  yield  an  NDR  effect  at  low  temperatures  [6]  and  at  room  tem¬ 
perature  [8].  With  jc  «  0.4,  this  system  provides  useful  PVCR  at  values  of 
7p  up  to  about  1  X  10^  A  cm'^  [23].  At  higher  values  of  J?  the  PVCR  is 
usually  degraded  by  large  thermionic  current  over  the  top  of  the  barriers. 
Consequently,  much  better  PVCR  at  high  Jp  is  obtained  from  GaAs/ A1  As 
structures.  In  GaAs/AlAs  DBRTDs  having  7p  in  the  range  from  10^  to  1(P 
A  cm“2,  the  best  observed  room-temperature  PVCRs  are  about  4.  Above 
this  range,  the  PVCR  degrades  significantly.  For  example,  PVCRs  of  1.4 
and  2.5  have  been  achieved  in  DBRTDs  having  yp  of  1 .5  x  10^  A  cm  ^  [24] 
and  1.3  X  10^  A  cm"^  [25],  respectively.  The  best  reported  PVCR  with 
ip  s  1(P  A  cm-2  is  3.0  at  ip  «  1.2  x  1(P  A  cm'^  [26].  This  degradation  is  a 
drawback  of  GaAs/AlAs  DBRTDs  for  high-speed  applications,  which 
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usually  require  /p  ^  10^  A  cm~^.  The  J-V  curve  of  a  high-7p  GaAs/AlAs 
DBRTD  is  shown  in  Fig.  3  in  comparison  with  the  curves  for  DBRTDs 
made  from  alternative  material  systems. 

Several  clever  structures  have  been  implemented  to  improve  the  PVCR 
of  lattice-matched  GaAs  DBRTDs,  at  least  at  low  current  densities.  For 
example,  anode-  and  cathode-side  AlAs  barriers  have  been  grown  with 
Al^Gaj-xAs  layers  just  outside  to  form  “chair  barriers”  [27].  This  has 
resulted  in  a  DBRTD  having  a  PVCR  of  6.3  at  room  temperature  [28]. 
Another  structure  contained  an  In^Gai-^As  layer  either  as  a  prewell  on 
the  cathode  side  [29]  or  in  place  of  the  GaAs  quantum  well  [30].  An 
improved  PVCR  resulted  in  both  cases. 

C.  lno.53Gao.47As*Based  Structures 

The  first  useful  DBRTDs  fabricated  in  a  system  other  than  GaAs/ 
AhGai-;tAs  were  made  from  the  Ino.53Gao.47As/Ino.52Alo.48As  system  [31]. 
Both  of  these  ternary  alloys  are  lattice  matched  to  InP  substrates.  The 
initial  lno.53Gao.47As/lno.52Aio.48As  DBRTDs  yielded  a  PVCR  of  2.3  at  room 
temperature.  This  was  subsequently  improved  to  about  7  at  room  temper¬ 
ature  and  40  at  77  K  [32,33].  Shortly  thereafter,  superior  results  were 


Fig.  3.  Room-temperature  current  density  vs.  voltage  curves  for  high-speed  DBRTDs 
made  from  three  different  material  systems. 
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obtained  by  replacing  the  Ino.52Alo  48As  barriers  with  AlAs,  which  in  the 
relaxed  state  has  a  3.5%  smaller  lattice  constant  than  Ino.53Gao.47As.  In 
spite  of  this  difference,  the  AlAs  is  pseudomorphic  if  the  barrier  thickness 
is  limited  to  approximately  3.0  nm  or  less.  The  resulting  DBRTDs  yielded 
an  unprecedented  PVCR  of  14  at  room  temperature  [34].  Further  im¬ 
provement  followed  with  the  achievement  of  a  PVCR  of  30  at  room  tem¬ 
perature  in  a  DBRTD  having  a  thin  InAs  layer  embedded  in  the 
Ino.53Gao.47As  quantum  well  [35]. 

A  second  Ino.53Gao.47As-based  system  of  interest  contains  GaAs  rather 
than  AlAs  barriers.  Because  of  its  low  electronic  and  light-hole  effective 
masses,  the  GaAs  barrier  has  a  maximum  attenuation  coefficient  in  the 
gap  that  is  about  a  factor  of  2  smaller.  However,  the  bandgap  difference 
between  the  constituent  materials  is  small,  so  a  low  barrier  height  (-0.3 
eV)  is  obtained.  Consequently,  the  NDR  region  is  observed  only  at  about 
77  K  or  lower  operating  temperatures  [36]. 

A  third  Ino.53Gao.47As-based  DBRTD  has  been  fabricated  with  InP  barri¬ 
ers  by  low-pressure  metalorganic  chemical  vapor  deposition  [37].  The 
structure  contained  a  10-nm-thick  Ino.53Gao.47As  quantum  well  and  10-nm- 
thick  InP  barriers.  It  displayed  a  77-K  PVCR  of  1.2  for  resonant  tunneling 
through  the  first  quasibound  level  and  a  PVCR  of  3.0  through  the  second 
level.  Although  these  results  are  inferior  to  those  discussed  above,  the 
thick  barriers  of  the  Ino.53Gao.47As/InP  sample  probably  hindered  the  per¬ 
formance  greatly,  just  as  they  do  in  other  material  systems.  This  DBRTD 
with  much  thinner  InP  barriers  could  ultimately  provide  competitive  per¬ 
formance  with  the  other  Ino.53Gao.47As-based  devices,  since  it  has  the 
advantage  over  Ino.53Gao.47As/AlAs  of  lattice  matching  and  the  advantage 
over  Ino.53Gao.47As/Ino.52Alo.48 As  of  no  alloy  scattering  in  the  barriers. 


D.  InAs-Based  Structures 

High-quality  DBRTDs  have  been  fabricated  from  the  InAs/AlSb  mate¬ 
rial  system,  whose  band  offset  is  shown  in  Fig.  4.  This  is  a  type  II  stag¬ 
gered  offset  in  which  the  valence  band  edge  of  the  AlSb  lines  up  in  the 
bandgap  of  the  InAs.  Consequently,  an  electron  tunnels  into  the  AlSb 
from  the  InAs  at  an  energy  well  below  the  branch  point,  and  K  is  approxi¬ 
mately  0.6  times  the  maximum  value.  In  contrast,  an  electron  tunnels  into 
a  type  I  offset  barrier,  such  as  the  AlAs  barrier  depicted  in  Fig.  4,  much 
closer  to  the  branch  point.  Since  F 1  and  Jf  both  depend  on  this  attenuation 
coefficient  roughly  as  exp(— ALb),  the  difference  in  K  corresponds  to  a 
difference  of  approximately  two  times  in  Jp  at  the  typical  barrier  thickness 
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Rg.  4.  Band  alignment  of  the  type  II  staggered  InAs/AlSb  material  system  in  contrast  to 
that  of  the  type  I  InAs/AIAs  system.  It  is  assumed  for  simplicity  that  the  latter  system  is 
lattice  matched  and  that  65%  of  the  difference  between  the  AlAs  and  InAs  F-point  bandgap 
appears  as  a  barrier  in  the  conduction  band.  AlSb  is  shown  as  a  dashed  line  in  the  barrier 
regions  and  AlAs  as  a  solid  line.  K\  and  Ku  are  the  approximate  attenuation  coefficients  of  an 
InAs  electron  (at  the  conduction  band  edge)  in  the  AlAs  and  AlSb  barriers,  respectively. 

of  1.5  nm.  The  superior  current  capability  of  the  InAs/ AlSb  structure  is 
displayed  in  Fig.  3.  The  J-V  curve  was  obtained  on  a  diode  having  1.5- 
nm-thick  AlSb  barriers  and  a  6.4-nm-thick  InAs  quantum  well  [38].  The 
measured  values  of  =  3.7  x  1(3^  A  cm  ^  and  A/  —  2  x  10^  A  cm  are 
comparable  to  the  best  results  achieved  in  the  Ino.53Gao.47As/AlAs  system 
and  are  considerably  better  than  those  of  GaAs/AlAs  DBRTDs. 

In  addition  to  the  superior  current  density,  the  InAs-based  material 
systems  have  two  advantages  over  GaAs-based  systems  for  high-speed 
device  performance  [38].  First,  electrons  will  drift  across  a  given  deple¬ 
tion  layer  in  InAs  much  more  rapidly  than  in  GaAs  provided  that  this 
layer  is  sufficiently  thin  0. 1  /xm)  or  the  voltage  drop  is  sufficiently  small 
that  there  is  little  probability  of  impact  ionization  [39].  The  higher  drift 
velocities  compared  with  GaAs  are  due  to  the  weaker  electron  LO- 
phonon  interaction  strength  in  InAs  and  the  much  larger  separation  in 
energy  between  the  conduction  band  edge  and  the  first  upper  valley.  A 
short  depletion  layer  transit  time  is  necessary  to  maximize  the  device 
speed,  as  discussed  in  Section  V.  A  second  advantage  is  that  InAs 
DBRTDs  have  a  significantly  lower  series  resistance  Rs-  This  stems  pri¬ 
marily  from  the  ultralow  specific  resistance  Rc  of  ohmic  contacts  to  InAs. 
Values  of  Rc  as  low  as  5  x  10“*  D  cm^  have  been  measured  by  transmis¬ 
sion  line  model  measurements  made  on  nonalloyed  InAs  ohmic  contacts 
[40].  The  Rs  is  further  reduced  by  the  higher  mobility  of  electrons  in 
InAs  compared  to  GaAs  at  all  practical  /i-type  doping  concentrations. 
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Each  of  these  advantages  also  applies  to  a  lesser  extent  in  comparing 
Ino.53Gao.47 As  to  GaAs. 

E.  GaSb  and  InSb  Structures 

A  type  II DBRTD  is  obtained  by  replacing  the  InAs  quantum  well  in  the 
preceding  structure  by  GaSb.  This  is  the  basis  for  a  type  of  resonant 
tunneling  through  quasibound  levels  in  the  valence  band,  which  is  called 
resonant  interband  tunneling  (RIT)  [41].  The  RIT  structure  has  demon¬ 
strated  a  very  high  PVCR  of  approximately  20  at  room  temperature.  A 
complementary  structure  having  an  InAs  quantum  well  and  GaSb  clad¬ 
ding  layers  has  also  been  demonstrated  [42,43].  Unfortunately,  in  both 
types  of  structures  the  peak  current  density  is  not  yet  sufficient  to  be 
useful  in  high-speed  circuits.  However,  the  type  II  alignment  between 
GaSb  and  InAs  allows  for  new  types  of  vertical  transistor  structures 

[44,45]. 

A  DBRTD  has  also  been  fabricated  in  the  InSb/InAlSb  system  [46].  The 
PVCRs  measured  at  room  temperature  ^d  77  K  were  1 .4  and  3.9,  respec¬ 
tively.  The  appeal  of  this  material  system  is  that  InSb  has  the  excellent 
transport  properties  of  very  low  electronic  effective  mass  (m*  = 
0.01 39mo)  and  high  mobility  resulting  from  low  electron-phonon  scatter¬ 
ing  cross  sections.  A  disadvantage  is  the  narrow  bandgap  (Ec  =  0.17  eV  at 
T  =  300  K),  which  magnifies  the  effects  of  impact  ionization  and  Zener 
(i.e.,  cross-gap)  tunneling. 

F.  Column  IV  Material  Systems 

In  the  preceding  sections,  the  material  systems  have  consisted  of  some 
combination  of  column  III  (Ga,  Al,  or  In)  and  column  V  (As,  Sb,  or  P) 
materials.  Most  high-speed  DBRTDs  have  been  made  from  one  of  these 
combinations.  However,  because  of  the  success  and  pervasiveness  of 
silicon  in  electronic  devices,  efforts  have  been  expended  to  develop  Si- 
based  resonant-tunneling  structures.  Two  interesting  material  systems  are 
Si;tGei-,/Si  and  Si/SiC.  Although  the  band  alignment  in  Si.tGei-x/Si  is  type 
I,  most  of  the  bandgap  difference  appears  in  the  valence  band  of  the  SiGe. 
This  results  in  a  Si  barrier  in  SiGe  that  is  too  low  for  strong  electronic 
resonant  tunneling.  Therefore,  researchers  have  studied  hole  resonant 
tunneling  [47,48].  The  best  result  reported  to  date  is  a  PVCR  of  2.0  at  77  K 
[49].  NDR  has  not  yet  been  observed  at  room  temperature.  The  relative]y 
poor  performance  of  Si^Gei-j/Si  DBRTDs  is  apparently  not  caused  by 
lattice  mismatch,  but  instead  is  the  consequence  of  the  undesirable  trans- 
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mission  characteristics  associated  with  resonant  tunneling  through  quasi¬ 
bound  levels  in  the  valence  band.  The  mixing  that  occurs  between  the 
light-  and  heavy-hole  subbands  smears  out  the  transmission  probability 
such  that  the  ground-state  peak  is  not  well  isolated  from  the  next  higher 
peak,  and  hence  the  PVCR  is  degraded. 

The  Si/SiC  system  alleviates  the  difficulties  of  SiGe/Si  by  offering  a 
much  larger  conduction  band  offset  and  thus  the  possibility  of  strong 
electronic  resonant  tunneling  [50].  Unfortunately,  the  poor  crystalline 
quality  of  epitaxial  SiC  has  precluded  good  experimental  results.  How¬ 
ever,  if  SiC  epitaxial  growth  techniques  were  to  advance  significantly.  Si/ 
SiC  could  become  an  important  material  system,  particularly  for  applica¬ 
tions  of  DBRTDs  in  large-scale  Si  integrated  circuits. 


IV.  DBRTD  DEVICE  PHYSICS 

/ 

A.  Band  Bending  and  Diode  Capacitance 

An  external  bias  voltage  applied  across  a  DBRTD  modifies  the  equilib¬ 
rium  band  profile  in  the  active  region.  In  order  to  analyze  the  current 
density,  one  must  determine  the  modified  band  profile,  or  band  bending, 
to  a  satisfactory  degree  of  accuracy.  A  first  estimate  is  obtained  by  model¬ 
ing  the  device  as  a  semiconductor-insulator-semiconductor  (SIS)  diode. 
Unless  the  current  density  is  very  high,  one  can  then  assume  that  the 
diode  is  in  a  condition  of  quasiequilibrium.  Under  this  condition,  the 
electron  concentration  on  each  side  is  characterized  by  a  uniform  quasi- 
Fermi  level  [i.e.,  £%  on  the  cathode  (or  emitter)  side  and  E%  on  the  anode 
(or  collector)  side],  as  shown  in  Fig.  1.  The  band  bending  is  obtained  by 
solving  Poisson’s  equation  on  each  side  and  connecting  the  solutions  with 
a  uniform  field  across  the  double-barrier  structure.  Shown  in  Fig.  5  is  the 
band  bending  obtained  by  this  method  for  a  DBRTD  containing  5.0-nm- 
thick  Alo.42Gao.58As  barriers,  a  5.0-nm-thick  GaAs  quantum  well,  and  50- 
nm-thick  lightly  doped  spacer  layers  on  either  side. 

The  capacitance  of  the  DBRTD  in  this  model  is  what  one  expects  from 
an  analogous  SIS  diode.  That  is,  C  **  eA{LQ  +  Lw  "I"  2ZyB  +  T^)  >  where 
A  is  the  area,  Ld  is  the  length  of  the  depletion  region,  and  La  is  the  length 
of  the  accumulation  region  (i.e.,  the  distance  over  which  band  bending 
occurs)  on  the  cathode  side.  For  the  device  in  Fig.  5,  Ld  60  nm,  Lw  + 
2Lb  =  15  nm,  and  La  *  25  nm,  leading  to  Cl  A  «  1.1  fF  'Diis  is  a 
typical  specific  capacitance  for  high-speed  DBRTDs  and  is  considerably 
lower  than  that  of  most  other  tunneling  devices  such  as  p-n  (Esaki)  di- 
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Fig.  5.  Solution  to  Poisson’s  equation  in  a  Gai\s/Al<,«Gao  sgAs  DBRTD  at  room  tempera¬ 
ture  assuming  that  no  charge  is  stored  in  the  quantum  well  and  that  there  is  no  spatial 
quantization  outside  the  double-barrier  structure. 


odes  or  Josephson  junction  devices.  The  latter  two  devices  require  degen¬ 
eration  electron  concentrations  on  both  sides  of  the  junction  in  order  to 
achieve  high  current  densities.  In  that  case  both  Ld  and  La  are  10  nm  or 
less,  and  the  specific  capacitance  is  at  least  five  times  that  of  the  DBRTD. 

A  more  accurate  estimate  of  the  band  bending  maintains  the  assump¬ 
tion  of  quasiequilibrium  in  the  cladding  layers  but  accounts  for  at  least 
one  of  the  following  effects:  (1)  spatial  quantization  in  the  accumulation 
layer  or  (2)  charge  storage  in  the  quantum  well.  To  deal  properly  with  the 
first  effect,  one  must  carry  out  self-consistent  calculations  of  the  Poisson 
and  Schrodinger  equations.  Such  calculations  made  on  DBRTDs  indicate 
that  the  electron  states  in  the  accumulation  layer  consist  of  a  continuum  at 
energies  above  the  neutral  band  edge  on  the  cathode  side  and  quasibound 
states  at  lower  energies  [51].  In  many  DBRTD  structures,  the  binding 
energy  of  the  lowest  quasibound  state  (relative  to  the  neutral  band  edge)  is 
only  a  small  fraction  of  the  total  potential  drop  across  the  accumulation 
layer,  Va.  The  presence  of  these  quasibound  levels  has  been  correlated 
experimentally  to  undulations  in  the  I-V  curve  at  voltages  below  the  first 
peak  [52].  The  charge  storage  in  the  quantum  well  can  have  a  profound 
effect  on  the  I-V  curve  and  is  addressed  in  Section  IV.C. 
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The  current  density  J  is  estimated  quantitatively  by  employing  the  well- 
known  stationary-state  transport  model  in  which  the  traversal  through  the 
double-barrier  structure  is  analyzed  by  the  stationary-state  formulation 
discussed  in  Section  11.  B  and  the  transport  in  the  cladding  layers  is  ana¬ 
lyzed  with  semiclassical  theory  [53].  The  magnitude  of  7  is  the  difference 
between  the  cathode-to-anode  and  anode-to-cathode  electron  fluxes  in 
each  Ez  interval  multiplied  by  the  transmission  probability  in  that  interval, 
all  integrated  over  Ez  [15]: 
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where  =  em*l27T^h^,  and  Vj  is  the  total  applied  voltage  across  the  device 
defined  in  Fig.  1.  It  is  useful  to  evaluate  this  integral  in  conjunction  with 
the  Breit-Wigner  form  for  T*T  in  Section  II. A-  When  the  temperature  is 
low  enough  that  the  Fermi  distribution  on  the  cathode  side  is  degenerate 
and  the  bias  voltage  is  high  enough  that  the  anode-to-cathode  current  can 
be  neglected,  one  obtains 
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where  Ep  is  the  peak  energy  of  r*r  relative  to  the  conduction  band  edge 
on  the  cathode  side.  The  lower  limit  of  integration  has  been  taken  as  Va 
based  on  the  assumption  that  a  negligible  fraction  of  the  electrons  occupy 
spatially  quantized  states  in  the  accumulation  layer.  In  DBRTDs  contain¬ 
ing  thin  barriers,  the  major  effect  of  the  bias  voltage  on  r*r  is  simply  to 
displace  Ep  downward.  At  low  bias  voltages  consistent  with  Ef  +  < 

Ep,  both  tan"'  factors  are  approximately  -7r/2,  and  the  current  is  deter¬ 
mined  largely  by  the  second  term  in  Eq.  (5)  (with  the  logarithmic  factor). 
At  bias  voltages  consistent  with  eV^  <  Ep  <  eW k  +  the  two  tany' 
factors  sum  to  approximately  tt  and  the  second  term  (with  logarithmic 
factor)  is  negligible  provided  that  Ef  >  Ft  -  From  the  prefactor  for  the  first 
term,  the  current  increases  monotonically  with  bias  voltage  in  this  range 
up  to  the  point  eV\  ^  Ep  where  the  second  tan  '  factor  changes  sign  to 
positive.  For  just  a  small  variation  in  bias  voltage  about  this  point,  the 
sum  of  the  two  tan"'  terms  goes  from  v  to  0.  This  rapid  change  defines  the 
precipitous  drop  in  current  associated  with  the  NDR  region.  For  a  bias 
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voltage  slightly  less  than  that  yielding  the  current  density 

reaches  its  peak  value.  Under  the  condition  Ep  :>  Tj,  one  finds  7?  « 
27r/3rhr?£F/ri .  The  fact  that  Fs  does  not  appear  in  this  expression  illus¬ 
trates  the  important  point  that  Jp  is  independent  of  scattering  processes  in 
the  double-barrier  structure  that  can  be  represented  by  the  Breit-Wigner 
formalism  and  are  weak  enough  to  satisfy  ^  Fs.  This  conclusion  was 
first  drawn  by  Weil  and  Vinter  [54]  in  their  analysis  of  sequential  resonant 
tunneling. 

Figure  6  compares  the  theoretical  and  experimental  current  density  for 
one  of  the  best  DBRTDs  (in  terms  of  room-temperature  PVCR)  fabricated 
in  the  GaAs/AlGaAs  material  system.  It  is  the  same  diode  whose  band 
bending  appears  in  Fig.  5.  The  peak  currents  agree  within  a  factor  of  2, 
but  the  valley  currents  differ  by  about  a  factor  of  100.  The  discrepancy  in 
valley  currents  reflects  the  predominance  of  excess-current  mechanisms 
not  addressed  by  the  Breit-Wigner  model.  Several  of  these  mechanisms 
are  discussed  in  Section  IV.  E.  Another  experimental  aspect  not  explained 
by  the  model  is  the  small  undulation  in  the  experimental  I-V  curve  at 
approximately  0.3  V.  This  is  an  indicator  of  quantum  size  effects  in  the 
accumulation  layer  on  the  cathode  side.'The  distorted  form  of  the  experi- 
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Fig.  6.  Comparison  of  the  room-temperature  experimental  and  theoretical  /-V  curves  for 
the  DBRTD  in  Fig.  5.  The  dotted  lines  in  the  NDR  region  represent  discontinuous  jumps  in 
the  current  caused  by  switching  into  or  out  of  the  oscillation  region  shown  by  the  solid  line  in 
the  middle  of  the  NDR  region.  The  dashed  line  is  a  phenomenological  fit  that  represents  the 
expected  form  of  the  I-V  curve  in  the  absence  of  oscillations.  The  theoretical  curve  is  based 
on  the  stationary-slate  model  of  Section  IV.B. 
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mental  l-V  curve  in  the  NDR  region  is  attributed  to  the  rectification  by 
the  DBRTD  of  its  own  electrical  oscillations  in  the  measurement  circuit. 
The  rectification  can  result  in  a  hysteresis  loop  in  the  l-V  curve  (denoted 
by  arrows  in  Fig.  6),  which  is  known  as  extrinsic  bistability  [55]. 

Although  there  are  several  shortcomings  with  the  stationary-state 
model,  the  fact  remains  that  in  high-quality  structures  it  does  a  good  job  of 
predicting  Jp.  Thus,  it  is  useful  in  designing  DBRTDs  for  high-speed 
applications,  where  Jp  is  one  of  the  most  important  device  characteristics. 


C.  Quantum  Well  Charge  Storage 

Like  any  quantum  well  system,  the  double-barrier  structure  can  harbor 
mobile  sheet  charge.  Intuitively,  one  expects  that  the  sheet  charge  density 
cTw  is  proportional  to  the  product  of  the  current  density  and  the  quasi¬ 
bound  lifetime  (i.e.,  ctw  =  Jr).  Detailed  treatments  of  this  effect  in  the 
sequential  [56]  and  coherent  [57]  limits  have  resulted  in  the  following 
expression  for  <Tw  in  the  first  quasibound  level: 

tTw.l  ~  J-R*  (6) 

An  important  effect  of  the  sheet  charge  is  to  alter  the  electrostatic 
potential  across  the  double-barrier  structure  from  the  linear  form  assumed 
in  Sections  IV. A  and  IV.B.  The  altered  potential  affects  the  resonant¬ 
tunneling  current  because  of  the  strong  dependence  of  this  current  on  the 
level  of  the  quasibound  state  in  the  well.  Because  the  sheet  charge  is 
proportional  to  the  current  density  by  Eq.  (6),  the  net  current  density 
becomes  self-dependent.  This  mechanism  is  known  as  electrostatic  feed¬ 
back  [58,59].  Shown  in  Fig.  7a  are  l-V  curves  for  a  typical  double-barrier 
structure  computed  by  demanding  self-consistency  between  Eqs.  (5)  and 
(6).  With  Fs  set  equal  to  zero,  the  current  is  multiple  valued  between  the 
peak  and  valley  voltages,  an  effect  known  as  intrinsic  bistability  [58].  This 
effect  has  not  been  observed  unambiguously  in  any  double-barrier  struc¬ 
ture  containing  symmetric  barriers  (i.e.,  the  same  barrier  materials  and 
thicknesses).  Instead,  such  structures  typically  display  extrinsic  bistabil¬ 
ity  as  defined  in  Section  IV.B.  Intrinsic  bistability  has  been  observed 
clearly  only  in  a  highly  asymmetric  structure  biased  so  that  the  more 
transparent  barrier  is  adjacent  to  the  cathode  (i.e.,  Fh  :>  Ff)  [59,60]. 

One  possible  reason  for  the  rarity  of  experimental  intrinsic  bistabUity  is 
the  broadening  of  T*T  by  scattering.  This  effect  can  be  modeled  by  mak¬ 
ing  Fs  nonzero  in  the  self-consistent  l-V  calculations.  For  example,  when 
Fs  =  4.0  meV,  the  bistability  in  Fig.  7a  disappears.  At  a  much  larger  Fs  of 
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Fig.  7.  (a)  Theoretical  /-V  curves  for  a  GaAs/Alo  ^Gao.sgAs  DBRTD  at  77  K  based  on  the 
stationary-state  model  with  three  different  scattering  parameters:  Fs  =  0.0,  4.0,  and  20.0 
meV.  Gj)  Theoretical  shot-noise  factor  for  same  device  as  in  (a)  with  Fs  =  4  meV. 


20  meV,  which  is  approaching  Ef  in  the  device  of  Fig.  7a,  the  peak 
current  decreases  and  the  peak  region  broadens.  A  Fs  of  4  meV  is  consis¬ 
tent  with  the  results  of  a  recent  experimental  study  on  a  variety  of  double¬ 
barrier  structures  [61].  Another  reason  for  the  lack  of  bistability  may  be 
quantum  size  effects  in  the  accumulation  layer.  Self-consistent  calcula¬ 
tions  of  the  I-V  curve  in  symmetric  DBRTDs  generally  do  not  display 
intrinsic  bistability  if  spatial  quantization  is  accounted  for  in  both  the 
quantum  well  and  accumulation  layer  [62,63]. 
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D.  Current  Fluctuations 

As  in  all  electronic  devices,  the  fluctuations  of  current  in  DBRTDs  arise 
from  fluctuations  in  the  population  of  electronic  states  or,  equivalently, 
fluctuations  in  the  energy  and  momentum  of  electrons  in  specific  regions 
of  the  device.  These  fluctuations  give  rise  to  electrical  noise  at  the  termi¬ 
nals  of  the  device  and  are  important  in  DBRTDs  for  the  following  reasons. 
First,  in  a  practical  sense  the  electrical  noise  sets  the  limit  on  the  perfor¬ 
mance  of  the  DBRTD  in  certain  device  applications  such  as  oscillators. 
Second,  the  measured  noise  can  reflect  underlying  physical  processes  that 
are  difficult  to  detect  by  other  experimental  techniques. 

The  current  fluctuations  in  a  DBRTD  are  quantified  in  the  standard  way 
by  a  power  spectrum  Siif),  which  represents  the  mean-square  current 
measured  at  frequency/ per  hertz  of  bandwidth  by  an  ideal  current  meter 
connected  across  the  terminals  of  the  device.  At  low  frequencies,  the 
power  spectrum  has  a  l//-type  behavior  arising  from  a  number  of  mecha¬ 
nisms,  such  as  trap  states  in  the  barriers.  Well  above  the  l//knee  and  up 
to  frequencies  approaching  the  speed  limits  of  the  device,  the  current 
fluctuations  are  dominated  by  thermal  and  shot  noise  mechanisms.  The 
thermal  noise  is  dominant  when  little  or  no  bias  voltage  is  applied,  so  that 
the  device  is  near  thermal  equilibrium.  The  shot  noise  dominates  at  high 
bias  voltages,  where  the  current  is  large  and  is  limited  by  the  double¬ 
barrier  structure.  The  shot  noise  power  spectrum  measured  between  the 
anode  and  cathode  contacts  is  expressed  by  Si  =  2yel,  where  y  is  the  shot 
noise  factor  [64].  For  devices  containing  single  barriers  whose  transmis¬ 
sion  properties  do  not  depend  on  the  current  density  (e.g.,  p-/i,  Schottky, 
and  single-heterobarrier  diodes),  it  is  generally  found  that  y  =  1.0.  The 
DBRTD  can  display  deviations  from  y  =  1.0  because  T*T  is  a  function  of 
the  current  through  the  electrostatic  feedback  mechanism.  " 

To  model  the  shot  noise  mechanism  in  DBRTDs,  one  supposes  that  the 
total  current  arises  from  a  superposition  of  electron  fluxes  incident  on  the 
double-barrier  structure  in  all  longitudinal  energy  intervals.  Fluctuations 
occur  in  each  flux  because  of  thermalization  processes  on  the  cathode 
side.  These  fluctuations  have  two  effects  on  the  total  current.  First,  they 
contribute  directly  to  a  fluctuation  in  the  transmitted  flux  on  the  anode 
side.  Second,  they  vary  the  charge  in  the  quantum  well,  which  alters  the 
energy  level  of  the  quasibound  state  electrostatically.  This  process  modu¬ 
lates  the  transmission  in  other  energy  intervals,  thereby  decreasing  or 
increasing  the  current  in  those  intervals.  A  detailed  calculation  of  the  shot 
noise  factor  based  on  these  considerations  has  been  carried  out  in  the 
limit  of  degenerate  Fermi  statistics  on  the  cathode  side  [65].  The  theoreti- 
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cal  results  are  shown  in  Fig.  7b  for  the  same  DBRTD  as  in  Figs.  5  and  6. 
At  bias  voltages  below  the  current  peak,  the  shot  noise  is  suppressed,  the 
minimum  y  being  approximately  0.5.  At  the  peak  voltage,  y  crosses  unity 
and  stays  greater  than  1.0  throughout  the  NDR  region,  representing  shot 
noise  enhancement.  Both  of  these  predictions  are  in  good  agreement  with 
the  experimental  results  described  in  Section  VII. D. 


E.  Excess  Current 

Excess  current  is  defined  here  as  the  current  measured  through  the 
RTD,  near  the  valley  point  and  beyond,  that  is  not  explained  by  Eq.  (4).  It 
does  not  include  the  potentially  large  current  components  that  traverse 
the  double-barrier  structure  through  upper  quasibound  levels  or  thermion- 
ically  over  the  top  of  the  barriers.  The  latter  two  components  are  properly 
predicted  by  Eq.  (4)  provided  that  an  accurate  form  of  the  transmission 
probability  is  obtained  at  all  longitudinal  energies. 

One  of  the  most  important  sources  of  excess  current  in  RTDs  is  trans¬ 
port  associated  with  upper  valleys,  particularly  the  A'-valley  in  ^As  barri¬ 
ers.  Early  on,  the  superiority  of  the  Ino.53G30.47As/AlAs  diodes  over 
GaAs/AlAs  diodes  was  attributed  in  large  part  to  the  greater  energy  sepa¬ 
ration,  -0.65  eV,  between  the  F  conduction  band  minimum  in  the 
Ino.53Gao.47As  and  the  X  conduction-band  minimum  in  the  ^As  bamer 
[34].  In  contrast,  this  separation  is  estimated  to  be  0.13  eV  in  the  GaAs/ 
AlAs  system  and  has  been  experimentally  correlated  with  the  excess 
valley  current  in  these  devices  through  hydrostatic  pressure  experiments 

The  A'-valley-related  excess  current  in  both  single-  and  double-barrier 
structures  has  been  studied  theoretically  by  a  number  of  techniques  in¬ 
cluding  a  Fowler-Nordheim  model  [67],  the  transfer  matrix  technique 
[68],  a  pseudopotential  method  [69],  and  an  empirical  tight-binding  for¬ 
malism  [70].  Although  there  is  not  a  consensus,  a  commonly  described 
transport  mechanism  in  double-barrier  structures  is  one  whereby  the  inci¬ 
dent  r  electron  transfers  to  X  at  the  first  heterojunction,  maintains  an  X 
character  throughout  the  double-barrier  structure,  and  subsequently 
transfers  from  X  back  to  F  at  the  last  heterojunction.  Material  systems 
having  a  large  Y-X  offset  greatly  suppress  this  mechanism  by  making  the 

initial  T-X  transfer  much  less  probable. 

Another  important  source  of  excess  current,  inherent  to  all  RTD  mate¬ 
rials,  is  LO-phonon  scattering.  In  the  sequential  picture,  this  scattering 
allows  electrons  to  transfer  from  the  cathode  side  into  the  quantum  well  at 
bias  voltages  past  the  point  of  alignment  between  the  quasibound  level 
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and  occupied  states  on  the  cathode  side  [71].  Once  in  the  quantum  well, 
the  electrons  can  tunnel  to  the  anode  side  by  elastic  means.  In  the  coher¬ 
ent  picture,  the  LO-phonon  scattering  introduces  sidebands  on  the  trans¬ 
mission  probability  curve  separated  by  an  integral  number  of  phonon 
quanta,  ±n^ojLo,  front  the  central  peak  [72].  In  either  picture,  a  large 
excess  current  arises  in  the  vicinity  of  the  valley  voltage  in  most  RTDs. 
Materials  having  lower  effective  mass  tend  to  have  less  of  this  scattering, 
which  is  another  advantage  of  the  indium-bearing  materials,  Ino.53Gao.47  As 
and  especially  InAs,  over  GaAs. 

Acoustic  phonon  scattering  and  alloy  scattering  have  been  analyzed  by 
the  same  sequential  mechanism  as  used  for  the  LO  phonons  [71].  The 
conclusion  reached  for  acoustic  phonons  is  that  they  play  a  much  smaller 
role  than  optical  phonons  in  generating  excess  current.  However,  the 
analysis  was  not  carried  out  for  polar-mode  (i.e.,  piezoelectric)  acoustic 
phonon  scattering,  which  is  known  to  be  very  strong  in  narrow-band-gap, 
low-effective-mass  materials.  Alloy  scattering  in  ternary  compound  barri¬ 
ers  can  also  give  rise  to  a  significant  excess  current  component  that  is 
nearly  independent  of  temperature.  This  component  can  explain  the  infe¬ 
rior  PVCR  of  the  Ino.53Gao.47As/Ino.52Alo.48As  RTDs  relative  to  those  made 
from  Ino.53Gao.47 As/ AlAs,  since  the  AlAs  barriers  are  presumably  pseudo- 
morphic  and,  therefore,  introduce  neither  alloy  nor  dislocation  scat- 

tering.  .  i.  . 

More  recently,  the  excess  cufrent  due  to  scattering  off  of  interface 

defects  has  been  studied  [73].  This  is  an  important  mechanism  because  it 
is  generally  believed  that  the  heterobarriers  in  all  heterojunction  devices, 
including  RTDs,  fluctuate  in  thickness  in  the  lateral  plane  by  at  least  one 
monolayer.  This  imperfection  breaks  down  the  conservation  of  lateral 
momentum  during  tunneling,  leading  to  a  scattering  mechanism  that,  like 
alloy  scattering,  has  a  very  broad  transmission  characteristic.  An  interest¬ 
ing  prediction  is  that  the  strength  of  this  scattering  mechanism  depends 
heavily  on  which  interfaces  of  the  RTD  barriers  are  assumed  to  be  rough 


A  final  excess  current  mechanism  inherent  to  all  RTDs  anses  from 
scattering  in  the  cladding  layers.  This  is,  perhaps,  the  most  fundament^ 
of  all  scattering  mechanisms,  but  one  of  the  most  difficult  to  deal  with, 
since  it  transcends  the  stationary-state  model  outlined  in  Section  IV.B. 
The  stationary-state  model  separates  the  quantum  mechanical  transport 
in  the  barrier  structure  from  the  semiclassical  transport  in  the  cladding 
layers.  A  proper  description  of  this  mechanism  requires  the  quantum 
transport  theory  discussed  in  Chapter  9.  The  latter  theory  has  yielded 
excellent  agreement  with  experiment  at  the  valley  point  of  GaAs/ AlAs 


RTDs  [63]. 
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V.  TIME-DELAY  MECHANISMS 

A.  Fundamental  RC  Limit 

Like  any  electronic  device  in  which  the  current  flow  is  limited  by  a 
barrier,  a  fundamental  speed  limit  of  the  DBRTD  is  set  by  the  time  re¬ 
quired  to  charge  or  discharge  the  space  charge  layers  in  the  active  region 
of  the  device.  This  is  known  as  the  RC  limit,  where  R  is  some  combination 
of  the  DBRTD  differential  resistance  and  the  external  load  resistance  and 
C  is  the  capacitance  associated  with  the  active  region  of  the  device.  A 
great  advantage  of  the  DBRTD  over  most  other  tunneling  devices  is  that 
the  intrinsic  RC  time  constant  can  be  made  very  small  in  most  applica¬ 
tions,  with  values  below  1  ps  being  possible  in  optimized  devices.  This  is 
because  R  and  C  are  determined  by  different  factors,  so  they  are  essen¬ 
tially  independent  quantities.  The  component  of  R  associated  with  the 
device  differential  resistance  is  inversely  related  to  Jp,  which  depends  on 
the  carrier  concentration  on  the  cathode  side  (through  the  quasi-Fermi 
level  Ef)  and  on  the  area  (in  energy  space)  under  the  transmission  reso¬ 
nance  (see  Section  IV.B).  C  is  inversely  related  to  the  depletion  length  on 
the  anode  side,  which  depends  on  the  doping  distribution  on  that  side. 
Two  mechanisms  that  reduce  the  speed  of  the  DBRTD  below  that  associ¬ 
ated  with  the  RC  time  are  the  finite  resonant-tunneling  traversal  time  and 
the  finite  transit  time  across  the  depletion  layer. 

B.  Resonant-Tunneling  Traversal  Time 

The  effect  of  the  resonant-tunneling  traversal  time  can  be  analyzed  by  a 
number  of  techniques  with  widely  varying  degrees  of  sophistication.  One 
analysis  has  applied  linear-response  theory  to  determine  the  equivalent 
electrical  admittance  of  the  double-barrier  structure  [74].  The  analysis 
starts  by  calculating  the  response  of  the  conduction  current  through  the 
nth  quasibound  level,  /(/),  to  an  applied  voltage  step  AV.  It  is  reasonable 
to  assume  that  the  step  response  is  exponential  in  time  with  time  constant 
r„  [74], 

i(t)  =  +  Uz  +  (/|  -  h)  exp(-//T„)]0(/),  (7) 

where  /i  and  h  are  the  initial  and  final  dc  currents,  respectively,  and  dU)  is 
the  unit  step  function.  In  the  small-signal  limit  where  /2  =  /i  +  Gs  AV  and 
Gs  is  the  differential  conductance  of  the  double-barrier  structure,  the 
impulse  response  function  is  given  by  hU)  =  (AV)"'  diU)ldt  =  [1- 
exp(-r/T„)]8(/)Gs  +  exp(-//T„)0(OGs/T„.  Finally,  the  admittance  is  ob- 
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tained  by  Fourier  transformation, 

Fs(a))  =  1*^  h(t)  dt  =  (8) 

The  reciprocal  impedance  function,  Zsim)  -  FsV),  has  the  form  Gs‘  + 
mLs,  where  Ls  =  t„/Gs  is  the  “quantum  well  inductance.”  Intuitively,  an 
inductive  reactance  might  be  expected  in  any  model  of  resonant  tunneling 
because  the  time  required  for  the  buildup  or  decay  of  the  wave  function  in 
the  quantum  well  leads  to  a  delay  of  current  with  respect  to  voltage. 

An  inductive  character  of  the  resonant-tunneling  admittance  has  also 
been  predicted  by  more  rigorous  quantum  transport  treatments  [63,75].  In 
at  least  two  such  treatments  the  magnitude  of  the  inductance  was  compa¬ 
rable  to  that  derived  here,  but  the  sign  was  opposite,  that  is,  Ls  =  -t„/Gs  . 
The  sign  is  important  because  the  high-frequency  admittance  behaves 
very  differently  when  the  inductance  is  negative  than  when  it  is  positive. 
The  result  derived  here  would  change  sign  if  the  argument  of  the  exponen¬ 
tial  in  Eq.  (8)  was  positive.  However,  exp(-/w0  is  the  correct  form, 
because  the  Fourier  transform  is  a  special  case  of  the  Laplace  transform, 
and  to  obtain  a  bounded  result  the  Laplace  transform  must  weight  the 
time-varying  waveform  by  exp(-5/),  where  s  is  the  complex  frequency. 

One  shortcoming  of  the  analysis  is  the  assumption  of  an  exponential 
approach  to  steady  state.  It  is  thought  that  the  actual  conduction  current 
displays  a  much  richer  behavior  on  short  time  scales.  Time-dependent 
quantum  mechanical  solutions  yield  an  oscillatory  component  with  an 
exponentially  decaying  envelope  [75].  This  is  similar  to  the  well-known 
ringing  phenomenon  of  classical  resonant  systems.  For  resonant  tunnel¬ 
ing  through  the  first  quasibound  level,  the  oscillatory  component  has  a 
period  close  to  the  traversal  time  across  the  quantum  well  of  a  wave 
packet  centered  at  energy  Li.  The  effect  of  the  ringing  on  the  admittance 
is  to  cause  the  imaginary  part  to  increase  as  w  approaches  tw'.  This  in¬ 
crease  will  be  most  observable  experimentally  in  structures  designed  with 
very  thin  barriers  so  that  T|  ^  fw 

C.  Depletion-Layer  Transit  Time 

The  effect  of  a  finite  depletion  layer  transit  time  can  be  understood  by 
thinking  of  the  double-barrier  structure  as  an  electron  injector.  As  such, 
the  electrons  will  have  an  initial  kinetic  energy  that  is  close  to  an  E„  in  the 
quantum  well.  Most  double-barrier  structures  have  £|  s  100  meV  to 
satisfy  the  spatial  quantization  condition  given  in  Section  II.A.  Such  a 
kinetic  energy  corresponds  to  a  very  high  group  velocity  Ug  in  the  common 
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III-V  materials.  For  example,  a  0.1-eV  kinetic  energy  in  GaAs  corre¬ 
sponds  to  Ug  «  7  X  lO"^  cm~‘  according  to  the  theoretical  F- valley  disper¬ 
sion  curve  [76],  One  expects  this  velocity  to  be  maintained  over  some 
distance  roughly  equal  to  the  ballistic  mean  free  path,  which  depends 
strongly  on  the  applied  electric  field,  the  upper-valley  separation,  and  the 
strength  of  the  optical  phonon  interaction.  After  drifting  this  distance,  the 
electron  rapidly  decelerates  and  then  crosses  the  remaining  depletion 
region  at  a  velocity  much  closer  to  the  saturated  value.  For  example,  in 
GaAs  the  small  upper- valley  separation  of  0,28  eV  limits  the  ballistic 
mean  free  path  to  about  30  nm.  In  the  indium-bearing  materials, 
Ino.53Gao.47As  and  InAs,  the  ballistic  mean  free  path  is  significantly  higher 
because  of  the  larger  upper-valley  separation,  ~0,5  and  0,9  eV,  respec¬ 
tively,  in  these  materials. 

In  a  DBRTD  having  a  very  large  depletion  length,  one  expects  the 
transit  time  to  be  given  by  tj  ==  Ld/us,  where  Vs  is  the  saturation  velocity  in 
the  depletion  layer  material.  In  GaAs,  Uj  0.6  x  10’  cm  s“‘,  so  that  an 
electron  suffers  a  delay  of  over  1  ps  in  a  distance  of  100  nm.  Because  of 
this  fact,  DBRTDs  have  usually  been  designed  with  Ld  somewhat  less 
than  100  nm  to  maintain  a  short  transit  time.  However,  a  long  Ld  can  lead 
to  an  enhancement  in  the  magnitude  of  the  terminal  NDR,  which  is  the 
basis  for  a  device  called  the  quantum  well  injection  and  transit  time  diode 
[77], 


VI.  HIGH-SPEED  PERFORMANCE  CHARACTERISTICS 
A.  Small-Signal  Impedance  Model 

The  fundamental  RC  time  constant,  the  resonant-tunneling  time,  and 
the  transit  time  can  be  combined  into  a  small-signal  impedance  model  of 
the  DBRTD  that  is  very  useful  in  characterizing  high-speed  devices.  To 
construct  this  model,  one  starts  with  the  double-barrier  structure  alone, 
noting  that  a  time-varying  potential  induces  a  displacement  current  in 
addition  to  the  resonant-tunneling  conduction  current  analyzed  in  Section 
V.B.  The  time- varying  potential  is  assumed  to  be  unaffected  by  the 
charge  storage  in  the  quantum  well.  This  assumption  allows  one  to  neglect 
the  contribution  to  the  impedance  of  the  so-called  quantum  well  capaci¬ 
tance  [78],  which  has  a  significant  effect  only  in  relatively  wide  quantum 
wells  [79,80],  The  displacement  current  through  the  double-barrier  struc¬ 
ture  is  represented  by  a  capacitance  Cs  =  sAliLw  +  2Lb)  in  shunt  with 
the  complex  tunnel  admittance  Ts(ct))  of  Eq.  (8),  where  e  is  the  permittiv- 
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tial  drop  in  the  space  charge  regions  outside  of  the  double-barrier  struc¬ 
ture,  it  is  assumed  for  the  moment  that  the  conduction  current  traverses 
these  regions  with  no  transit  time  delay.  The  circuit  elements  Gs  and  Cs 
are  then  simply  scaled  by  the  factor  dVwfdVo  and  Ls  by  the  inverse  to 
form  the  lumped-element  circuit  shown  in  Fig.  8a.  The  series  resistance 
Rs  in  Fig.  8a  arises  from  ohmic  dissipation  outside  the  active  region  of  the 
device,  so  that  Rs  is  not  involved  in  the  scaling.  The  element  G  is  the 
differential  conductance  measured  across  the  terminals  of  the  diode  (with 
Rs  properly  subtracted),  C  is  the  total  space  charge  capacitance,  and  Lqw 
is  the  terminal  quantum  well  inductance.  The  same  circuit  topology  has 
been  derived  by  two  separate  theoretical  treatments  [81,82]. 

To  include  the  effect  of  the  depletion  layer  transit  time,  the  electron  is 
assumed  to  have  a  constant  drift  velocity  that  is  an  average  between  the 
initial  group  velocity  and  the  terminal  velocity.  This  assumption  allows 
one  to  apply  the  small-signal  transit  time  theory  that  has  been  successful 
in  describing  a  variety  of  fast  devices  such  as  IMP  ATT  diodes  [83].  In  this 
theory  the  real  part  of  the  admittance  of  the' double-barrier  structure  is 
represented  as  an  injection  conductance,  a  =  dJIdFw  ^  (^d  +  2Lb  + 
Lw  +  La)A~'G(1  +  i(oT„)-\  where  Fw  is  the  electric  field  (implicitly 
uniform)  across  the  double-barrier  structure.  This  leads  to  a  total  im¬ 
pedance  of  [24,77] 


(a)  0.0  1.0  2.0 

VOLTAGE 

(b) 


Fig.  8.  (a)  Small-signal  equivalent  circuit  of  the  DBRTD.  (b)  Load-line  diagram  of  a 
DBRTD  used  to  compute  the  10  to  90%  rise  time  for  switching  from  the  peak  point  to  the 

valley  point. 
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where  e  is  the  permittivity  of  the  double-barrier  region,  and  da  -  ^L^lvd  is 
the  transit  angle.  The  term  in  square  brackets  arises  from  the  finite  transit 
time.  In  the  limit  of  zero  frequency,  this  and  the  second  term  reduce  to  the 
combination  of  the  space  charge  resistance  Rsc  ^  L^HAev^  arid  the  dif¬ 
ferential  resistance.  The  space  charge  resistance  is  associated  with  mobile 
charge  storage  in  the  depletion  layer.  In  the  limit  of  zero  transit  angle, 
these  terms  reduce  to  the  lumped-element  RCL  model  shown  in  Fig.  8a. 


B.  Maximum  Oscillation  Frequency 


Provided  that  it  can  be  dc  biased  in  the  NDR  region,  the  DBRTD  is 
capable  of  oscillating  up  to  a  frequency /max  at  which  the  real  part  of  the 
terminal  impedance  equals  zero.  In  the  limit  of  infinitesimal  transit  angle, 
/max  is  derived  from  Fig,  8a: 
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=  -ff- 
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In  the  limit  that  Lqw  0  or  equivalently  t„  0,  this  solution  reduces 
further  to  the  RC-Umited  result /SL  =  {IttCYW-GIRs  -  G^.  A  real 
solution  to  Eq.  (10)  always  exists  provided  that  |G|Rs  <  1,  G  <  0,  and 
Lqw  <  0.  The  first  condition  defines  the  NDR-region  dc-bias  provision 
mentioned  above,  and  the  next  two  are  automatically  satisfied  in  the  NDR 
region.  Also  note  that  in  the  NDR  region  the  imaginary  part  of  the  im¬ 
pedance  of  this  circuit  is  always  less  than  zero  because  Lqw  is  negative. 
This  means  that  the  equivalent  circuit  in  Fig.  8a  cannot  self-oscillate;  i.e., 
it  cannot  oscillate  by  an  internal  resonance. 

Listed  in  Table  I  are  the  theoretical  values  of  for  some  of  the 
fastest  DBRTDs  fabricated  to  date.  The  highest  /max  values  for  GaAs/ 


TABLE  I 

Theoretical  Oscillator  Characteristics  for  DBRTDs 


Jp  (A  cm'-) 

GIA  (mS 

CIA  (fF  /xm 

T|  (ps) 

/max  (GHz) 

Reference 

2.5  X  105 

-11 

Iiio  53Gao.47As/  A1  As 
1.3 

0.2 

932 

[107] 

5.0  X  105 

-15 

1.5 

0.1 

1280 

[85] 

1.5  X  105 

-6 

GaAs/AlAs 

1.5 

0.1 

555 

[24] 

1.3  X  105 

-5 

1.3 

0.3 

468 

[25] 
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AlAs  and  Ino.53Gao.47As/AlAs  diodes  are  555  and  1280  GHz,  respectively. 
The  superiority  of  the  Ino.53Gao.47As/ AlAs  diode  is  attributable  to  a  lower 
magnitude  of  NDR  per  unit  device  area  and  to  a  lower  specific  series 

resistance. 


C.  Switching  Time 


The  NDR  region  is  also  the  basis  for  switching  from  the  peak  to  the 
valley  region  of  the  DBRTD  and  vice  versa.  The  switching  process  occurs 
by  dc  biasing  the  device  near  the  peak  point  through  a  load  resistance  /?l 
that  is  consistent  with  two  possible  dc  bias  quiescent  points  (i.e.,  one 
above  and  one  below  the  NDR  region).  This  resistance  must  satisfy  Rl  > 
^VILl.  With  the  device  biased  initially  at  the  quiescent  point  near  the 
peak,  a  slight  increase  in  the  bias  voltage  will  then  cause  a  switch  to  the 

quiescent  point  at  the  valley  point  or  beyond. 

A  useful  estimate  of  the  switching  time  is'obtained  by  analyzing  only 
the  RC  components  without  accounting  for  the  resonant-tunneling  tra¬ 
versal  or  transit  time  delays.  The  difference  in  voltage  between  the  initial 
quiescent  point  and  the  final  one  is  assumed  to  be  small  enough  that  the 
diode  capacitance  is  constant  at  the  peak  voltage  value.  The  I—V  curve  in 
the  NDR  region  is  represented  by  the  parabolic  form 

/  =  ^(V- Vv)2  +  /v,  (11) 

where  I?-  /v  and  A  V  =  Vv  -  V?.  This  expression  increases  in  slope 

monotonically  as  the  voltage  is  decreased  from  the  valley  point  to  the 
peak  point.  It  is  thought  to  be  a  good  approximation  to  the  stable  I-V 
curve  at  all  voltages  except  those  just  above  the  peak.  For  a  load  resis¬ 
tance  equal  to  A  V/A/,  as  shown  in  Fig.  8b,  the  time  required  for  the  diode 
voltage  to  increase  from  a  value  10%  above  the  peak  voltage  to  a  value 
10%  below  the  valley  voltage  is  given  by 


rvy-o.iAV _ 

~  Jvp+O.IAV  —^I/dkViV 


CdV 


Vv)  -  A//AV2(V  -  Vv) 


2’ 


(12) 


Evaluation  of  this  “rise  time”  integral  yields  «  4.4  AV/5,  where  5 
( Jp  -  /v)/C  is  called  the  speed  index  [841. 

Theoretical  results  for  the  fastest  GaAs/AlAs  and  Ino.53Gao.47As/A^s 
DBRTDs  are  given  in  Table  B.  The  highest  5  and  lowest  values  by^, 
are  predicted  for  the  diodes  having  the  highest  current  density  [85].  This 
results  in  part  from  a  high  A7  and  in  part  from  a  smaU  AV.  A  companson 
with  the  oscillator  characteristics  in  Table  I  leads  to  the  following  impor- 
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TABLE  n 

Theoretical  Switching  Time  for  DBRTDs 


Jf  (A  cm'^) 

Jf  -  J\  (A  cm“^) 

Vv  -  Vp  (V) 

5(10'^  V  s-') 

1  tn  (ps) 

Reference 

- 

^^.53G<io.4?As/AlAs 

2.5  X  105 

2.2  X  105 

0.60 

1.7 

1.5 

[107] 

5.0  X  105 

3.3  X  105 

0.25 

2.2 

0.5 

[85] 

GaAs/AlAs 

1.5  X  105 

4.3  X  10^ 

0.30 

0.29 

4.5 

[24] 

1.3  X  105 

7.8  X  10^ 

0.40 

0.60 

2.9 

[25] 

tant  point  regarding  DBRTDs.  The  best  oscillator  diodes  are  not  necessar¬ 
ily  the  best  switching  diodes  and  vice  versa.  Increasing  A7  tends  to  in¬ 
crease  oscillator  power  and  decrease  switching  time  in  the  same  manner. 
Increasing  A  V  also  enhances  oscillator  power,  but  it  increases  the  switch¬ 
ing  time  because  a  greater  AV  requires  a  greater  change  of  charge  stored 
in  C. 

In  considering  the  subpicosecond  value  given  in  Table  II,  it  is  important 
to  realize  that  the  neglected  resonant-tunneling  traversal  and  transit  time 
delays  could  have  a  significant  effect.  It  is  expected  that  the  depletion 
layer  transit  time  will  increase  tn,  but  the  effect  of  the  quantum-well 
traversal  time  [86]  is  not  yet  clear. 


VII.  HIGH-SPEED  EXPERIMENTAL  RESULTS 
A.  Oscillations 

Oscillations  can  be  made  to  occur  in  the  NDR  region  at  any  frequency 
up  to  /max-  One  requirement  for  oscillation  is  that  the  device  have  a  dc  bias 
quiescent  point  in  the  NDR  region  so  that  /?l  <  AW  A/,  where  Rl  is  the 
real  part  of  the  dc  load  impedance.  Another  requirement  for  oscillation  is 
that  the  total  impedance  be  resonant  in  the  sense  that  the  imaginary  part 
equals  zero  at  some  frequency.  A  variety  of  resonant  circuits  have  been 
made  with  DBRTDs,  but  a  waveguide  resonator  has  been  the  most  useful 
and  has  yielded  the  highest-frequency  results  to  date.  Waveguide  oscilla¬ 
tors  operating  around  50,  100,  200,  350,  and  650  GHz  have  been  studied 
extensively  [87]. 

One  of  the  useful  results  of  oscillator  measurements  is  the  determina¬ 
tion  of  /max-  The  comparison  between  experiment  and  theory  for  two 
diodes  is  given  in  Fig.  9.  The  lower-frequency  results  are  for  a  diode 
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FREQUENCY  (GHz) 

Fig.  9.  Comparison  of  experimental  and  theoretical  oscillation  results  for  two  DBRTDs. 
The  thick-barrier  device  has  two  5.0-nm-thick  Alo.42Ga4).5gAs  barriers  and  a  5.0-nm-thick 
GaAs  quantum  well.  The  thin-barrier  device  has  two  I.4-nm-thick  AlAs  barriers  and  a  4.5- 
nm-thick  GaAs  quantum  well.  ' 


having  thick  (4.8  nm)  Alo.42Gao.58As  barriers,  so  that  T|  »  trc  and  ti  » 
tj.  This  allows  one  to  observe  the  effect  of  the  quantum  well  inductance. 
It  is  clear  from  the  results  that  the /max  with  the  quantum  weU  inductance 
included  (n  =  5  ps)  provides  better  agreement  with  the  observed  rolloff  of 
oscillation  power  of  this  device.  Thef^  of  this  device  is  calculated  to  be 
50  GHz,  while /S£,(t,  =  0)  is  180  GHz.  Figure  9  also  compares  the  expen- 
ment  and  theory  for  the  fastest  GaAs/AlAs  oscillator  tested  to  date.  The 
results  are^  again,  consistent  with  theory  in  that  the  maximum  measured 
oscillation  frequency  of  420  GHz  is  below  /max  >  which  is  520  GHz.  The 
theoretical  calculation  has  a  G  equal  to  the  maximum  slope  in  the  NDR 
region.  A  more  detailed  analysis  shows  that  a  threefold  reduction  in  Rs 
with  the  same  G  would  increase /SS^  to  approximately  900  GHz  [24]. 

The  oscillation  results  for  the  fastest  diodes  made  to  date  in  all  three 
material  systems  are  presented  in  Fig.  10.  The  relatively  poor  PVCR  of 
the  GaAs/AlAs  diode  limits  the  power  density  to  a  maximum  low-fre¬ 
quency  value  just  over  1  x  lO^  W  cm'^.  The  typical  absolute  power 
obtained  from  a  4-/xm-diameter  diode  from  the  fastest  GaAs/AlAs  mate- 
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Fig.  10.  Experimental  oscillation  results  for  some  of  the  fastest  DBRTDs  fabricated  from 
three  different  material  systems.  • 


rial  is  15  /LtW  at  1 12  GHz  and  0.2  at  360  GHz.  The  superior  PVCR  of 
the  Ino.53Gao.47As/Al As  diodes  provides  a  low-frequency  power  density  of 
1  X  10^  W  cm"2,  which  is  comparable  to  that  generated  by  microwave 
IMPATT  diodes.  For  the  Ino.53Gao.47 As/ AlAs  results  labeled  (A)  in  Fig. 
10,  such  power  densities  were  maintained  up  to  only  10  GHz  because  of 
high  device  capacitance.  A  superior  Ino.53Gao.47As/AlAs  diode,  labeled  (B) 
in  Fig.  10,  was  demonstrated  with  a  power  density  of  1.2  x  10^  W  cm"^, 
an  absolute  power  of  50  /aW  at  1 10  GHz,  and  approximately  half  of  these 
power  levels  over  200  GHz.  These  are  the  highest  oscillation  powers 
obtained  from  a  DBRTD  to  date  above  100  GHz. 

DBRTDs  made  from  InAs/AlSb  are  very  promising  for  submillimeter- 
wave  (/  >  300  GHz)  oscillator  applications.  The  power  density  of  the 
InAs/AlSb  RTD  at  360  GHz  is  about  50  times  greater  than  that  of  the 
GaAs/ AlAs  RTD  at  the  same  frequency.  The  absolute  power  of  a  2-/im- 
diameter  InAs/AlSb  diode  at  360  GHz  was  measured  to  be  3  ^tW,  which  is 
about  12-fold  more  power  than  obtained  from  a  GaAs/ AlAs  diode  having 
four  times  the  area.  The  highest  frequency  measured  to  date  from  InAs/ 
AlSb  diodes  is  712  GHz  [88].  The  power  density  and  absolute  power  at 
this  frequency  were  measured  as  20  W  cm’^  and  0.5  /iW,  respectively. 
The  InAs/AlSb  DBRTD  should  be  capable  of  oscillating  up  to  about  1 
THz. 


ABSOLUTE  POWER  (mW) 
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B.  Small-Signal  Impedance 

Network  analysis  entails  the  measurement  of  the  small-signal  imped¬ 
ance  or  admittance  of  the  DBRTD  and  is  most  easily  done  in  the  positive 
differential  resistance  (PDR)  region,  where  the  device  is  inherently  ac 
stable.  The  first  network  analysis  measurements  found  that  the  imaginary 
part  of  the  impedance  contained  an  inductive  component  that  was  practi¬ 
cally  independent  of  bias  voltage  [89].  The  physical  origin  of  this  induc¬ 
tance  was  not  clear.  A  second  study  also  found  an  inductive  component  in 
the  DBRTD  impedance  and  has  shown  qualitative  agreement  between 
experiment  and  the  small-signal  impedance  model  derived  in  Section 
VI.A  [90]. 

More  recently,  small-signal  impedance  measurements  have  been  car¬ 
ried  out  in  both  the  PDR  and  an  ac-stable  NDR  region  by  network  analysis 
[80].  The  measurements  were  conducted  on  a  specially  designed  DBRTD 
made  from  the  Ino.53Gao.47As/AlAs  material  system,  which  had  a  very  low 
Jp  («100  A  cm~2)  and  a  sufficiently  high  PVGR  («3.0)  at  room  tempera¬ 
ture  that  the  electron  transport  through  the  structure  was  primarily  reso¬ 
nant  tunneling  through  the  first  quasibound  state.  The  experimental  I-V 
and  G-V  curves  are  shown  in  Fig.  1  la.  The  low  Jp  allowed  the  DBRTD  to 
be  stabilized  against  all  oscillations  in  the  NDR  region,  so  that  an  accurate 
admittance  measurement  could  be  made  in  this  region.  The  results  are 
summarized  in  Fig.  11b  and  c  for  bias  voltages  of  1.40  and  1.72  V,  respec¬ 
tively.  In  the  PDR  region  at  1.40  V,  the  conductance  is  practically  inde¬ 
pendent  of  frequency  and  the  susceptance  is  nearly  linear,  consistent  with 
the  simple  RC  model  of  the  device.  In  the  NDR  region  at  1.72  V,  the 
conductance  displayed  a  strong  frequency  dependence  and  the  suscep¬ 
tance  showed  an  obvious  inductive  character  consistent  with  Lqw  =  t,/G 
and  Ti  =  1.6  ns.  One  possible  explanation  for  the  absence  of  inductance  in 
the  PDR  region  is  that  the  resonant-tunneling  traversal  time  is  much 
shorter  than  in  the  NDR  region  because  inelastic  scattering  significantly 
reduces  the  quasibound-state  lifetime.  This  issue  is  presently  being  inves¬ 
tigated. 


C.  Electro-optic  Measurements  of  Switching  Time 

A  technique  that  has  measured  DBRTD  switching  with  high  resolution 
in  the  time  domain  is  electro-optic  sampling.  In  one  version  of  this  tech¬ 
nique,  switching  was  induced  by  a  photoconductive  gap  in  a  transmission 
line  [91],  and  in  another  version  it  was  induced  by  electronic  means  (a 
pulse-forming  circuit)  [92].  In  the  version  with  a  photoconductive  switch. 
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Fig.  11.  (a)  Experimental  I-V  curve  of  a  low-current  DBRTD  containing  two  4.4-nm-thick 
AlAs  barriers  and  a  5.5-nm-thick  Ino53Gao47As  quantum  well,  (b)  Experimental  differential 
conductance  and  susceptance  (imaginary  part  of  the  admittance)  vs.  frequency  for  the 
device  in  (a)  at  a  bias  voltage  in  the  PDR  region  at  1.40  V.  (c)  Experimental  conductance  and 
susceptance  at  a  bias  voltage  in  the  NDR  region  at  1.72  V  (after  Ref.  80). 
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a  DBRTD  chip  was  mounted  on  one  conductor  of  a  heterogeneous  cou¬ 
pled  stripline  in  such  a  way  that  the  /i+  GaAs  substrate  made  contact  to  a 
stripline  conductor  on  an  LiTaOi  substrate,  and  the  top  mesa  was  con¬ 
nected  (by  a  whisker)  to  the  conductor  on  a  GaAs  substrate.  Synchronous 
pulses  from  a  short-duration  (~80  fs)  dye  laser  were  used  to  activate  the 
photoconductive  gap  on  the  GaAs  substrate  and  to  measure  the  electric 
field  between  the  conductors  on  the  LiTa03  substrate  by  probing  the 
change  of  refractive  index  induced  by  the  switching  action  of  the  diode. 
The  elapsed  time  between  the  90  and  10%  voltage  points  was  found  to  be 
2.1  ps.  The  DBRTD  structure  used  for  this  test  consisted  of  two  1.7-nm- 
thick  ALAs  barriers  separated  by  a  4.5-nm-thick  GaAs  quantum  well.  It 
was  the  same  DBRTD  structure  that  oscillated  up  to  approximately  200 

GHz  [93].  .  .  u 

The  electro-optic  sampling  technique  with  electrical  excitation  has 

yielded  somewhat  longer  switching  rise  times,  in  the  range  of  6  to  10  ps 
[92].  These  results  were  obtained  for  DBRTDs  that,  in  theory,  were  at 
least  as  fast  as  the  one  discussed  above.  The  discrepancy  between  the  two 
results  has  been  attributed  to  the  fact  that  the  photoconductive  switch 
generates  a  very  fast  pulse  across  the  DBRTD  that  is  larger  than  AV  in 
amplitude.  Such  a  pulse  can  accelerate  the  switching  process  of  the 
DBRTD  by  the  effect  known  as  overdrive. 

D.  Microwave  Noise  Power  Spectrum 

The  noise  power  of  high-speed  DBRTDs  has  been  measured  by  a  radio- 
metric  technique  in  the  PDR  region  and  by  an  oscillator  FM  noise  tech¬ 
nique  in  the  NDR  region.  In  the  radiometric  technique  shown  schemati¬ 
cally  in  Fig.  12,  the  noise  power  generated  by  the  DBRTD  enters  a 
circulator  designed  for  operation  around  1  GHz.  The  circulator  feeds  the 
power  to  a  low-noise  amplifier  chain,  and  the  output  power  of  the  mphfi- 
ers  is  measured  with  a  spectrum  analyzer  in  a  narrow  bandwidth  A/ 
centered  at  1  GHz.  The  purpose  of  the  circulator  is  to  make  the  noise 
contribution  of  the  amplifier,  which  is  roughly  50%  of  the  total  noise, 
independent  of  the  impedance  of  the  DBRTD.  From  the  noise  power  at 
the  analyzer,  an  equivalent  shot  noise  current  /«,  (=y/)  is  derived  using 
the  circuit  model  of  Fig.  12.  This  is  a  version  of  Fig.  8a  in  which  Lqw 
can  be  neglected  because  of  the  relatively  low  frequency.  The  therm^ 
noise  associated  with  i?s  is  represented  by  a  current  generator  - 
(4fcr  A///?s)'^  subtracted  from  the  total  noise  in  the  process  of  de¬ 
riving  Ita  at  each  bias  point,  ... 

The  measurement  of  noise  power  in  the  NDR  region  is  much  more 
difficult  because  of  the  strong  tendency  for  high-speed  DBRTDs  to  oscU- 
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Fig.  12.  Schematic  diagram  of  technique  used  to  measure  microwave  noise  power  of  a 
DBRTD.  The  dashed  box  contains  the  equivalent  noise  circuit. 


late  in  this  region.  With  this  fact  in  mind/a  pragmatic  approach  is  to  make 
the  DBRTD  oscillate  at  a  suitably  low  frequency  and  deduce  the  noise 
properties  from  the  FM  characteristics  of  the  oscillator  power  spectrum 
[94].  This  technique  provides  only  an  upper  limit  because  other  mecha¬ 
nisms,  such  as  I// noise  in  the  contacts,  can  contribute  significantly  to  the 
oscillator  power  spectrum  but  are  not  accounted  for  in  the  analysis. 

Shown  in  Fig.  13  are  the  experimental  results  at  77  K  for  the  same 
GaAs/AlGaAs  DBRTD  as  in  Figs,  5  and  6.  The  device  exhibits  obvious 
shot  noise  suppression  in  the  PDR  region  with  a  minimum  y  of  approxi¬ 
mately  0.35  at  a  bias  voltage  just  below  the  current  peak.  At  the  lone  bias 
point  in  the  NDR  region,  the  shot  noise  is  enhanced  by  a  factor  of  8,  in 
qualitative  agreement  with  the  theory  discussed  in  Section  IV. D.  The 
results  at  room  temperature  were  similar  except  that  a  lesser  degree  of 
suppression  and  enhancement  were  measured  in  the  PDR  and  NDR  re¬ 
gions,  respectively.  In  addition,  shot  noise  measurements  have  been  car¬ 
ried  out  for  an  Ino.53Gao.47As/AlAs  DBRTD  having  much  thinner  barriers 
and  a  much  higher  7p  than  the  GaAs/AlGaAs  device  [94].  This  device  also 
had  a  superior  PVCR  of  12  at  room  temperature.  The  experimental  shot 
noise  factor  for  this  diode  in  the  PDR  region  was  qualitatively  similar  to 
that  of  the  GaAs/AlGaAs  diode,  supporting  the  conclusion  that  the  shot 
noise  suppression  mechanism  is  inherent  to  all  symmetric  DBRTDs. 
Unfortunately,  results  were  not  obtained  in  the  NDR  region  because 
of  the  difficulty  in  making  this  diode  oscillate  exclusively  at  low  fre¬ 
quencies. 
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Fig.  13.  (a)  Experimental  77-K  I-V  curve  of  a  GaAs/Alo42Gao.58As  DBRTD  having  a  5.0- 
nm-thick  quantum  well  and  5.0-nm-thick  barriers,  (b)  Experimental  shot  noise  factor  of  the 
DBRTD  in  (a)  measured  at  a  frequency  of  1.0  GHz. 


VIII.  SURVEY  OF  HIGH-SPEED  APPLICATIONS 
A.  Device  Qualifications 

Many  of  the  DBRTD  applications  investigated  up  to  the  present  time 
are  analogous  to  p-n  (Esaki)  tunnel-diode  applications  of  the  1960s  [95]. 
Most  of  the  Esaki  diode  applications  were  abandoned  with  the  advent  of 
fast  transistors  because  of  the  difficulty  in  designing  satisfactory  circuits 
using  only  two-terminal  devices.  The  DBRTD  has  three  advantages  over 
Esaki  diodes  that  compensate  for  this  shortcoming.  First,  the  DBRTD  is 
roughly  10  times  faster  than  the  Esaki  diode  in  both  oscillations  and 
switching.  This  allows  the  DBRTD  to  operate  in  the  terahertz-picosec- 
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ond  regimes  that  presently  define  the  frontier  of  high-speed  electronics. 
Second,  the  I-V  characteristics  of  DBRTDs  can  be  tailored  by  bandgap 
engineering  over  a  very  broad  range.  For  example,  peak  current  densities 
can  be  designed  to  occur  from  roughly  1(P  to  5  x  10^  A  cm"^  and  peak 
voltages  from  roughly  0.3  to  3  V,  both  in  the  presence  of  a  useful  PVCR. 
Third,  DBRTDs  are  compatible  with  modem  heterostmcture  transistor 
devices  because  they  are  grown  monolithically  by  the  same  epitaxial  tech¬ 
niques  and  fabricated  by  very  similar  methods.  This  opens  up  many  possi¬ 
bilities  of  high-speed  DBRTDs  used  in  conjunction  with  heterostmcture 
transistors  to  make  integrated  circuits  having  superior  performance  or 
functionality  [96]  compared  to  existing  circuits. 

At  present,  dozens  of  applications  of  DBRTDs  are  under  develop¬ 
ment  or  being  proposed.  Some  of  these  applications  are  summa¬ 
rized  in  the  following  sections.  For  a  more  complete  discussion  of  ap¬ 
plications,  the  reader  is  referred  to  one  of  the  review  articles  on  the 
subject  [1,97]. 


B.  DBRTD  Quasioptical  Oscillator 

The  oscillation  of  the  DBRTD  at  712  GHz  establishes  it  as  the  fastest 
solid-state  electronic  oscillator  demonstrated  to  date  at  room  tempera¬ 
ture.  As  such,  it  has  the  potential  to  fill  the  need  for  coherent  power  in  the 
region  between  100  GHz  and  1  THz,  where  fundamental-frequency  solid- 
state  sources  are  lacking.  In  this  region  the  primary  application  of  the 
DBRTD  is  a  low-noise  local  oscillator  for  high-sensitivity  coherent 
radiometers.  In  this  application  the  instantaneous  linewidth  must  be 
less  than  about  100  kHz,  and  the  oscillator  should  be  frequency  tunable 
by  at  least  ±1%  of  the  nominal  center  frequency.  A  DBRTD  oscilla¬ 
tor  satisfying  these  requirements  is  the  quasioptical  design  depicted  in 

Fig.  14a  [98].  .  . 

Shown  in  Fig.  14b  is  the  experimental  power  spectmm  of  the  quasiopti¬ 
cal  oscillator  operating  near  1 10  GHz.  This  particular  oscillator  contained 
a  DBRTD  made  from  the  Ino.53Gao.47 As/ A1  As  material  system,  having  an 
/max  of  approximately  900  GHz.  The  oscillator  power  spectmm  had  a 
linewidth  of  approximately  20  kHz  at  10  dB  below  the  peak.  The  mea¬ 
sured  power  was  approximately  50  ftW,  which  is  sufficient  to  drive  the 
superconducting  quasiparticle  mixers  that  operate  in  this  frequency  range 
and  is  possibly  high  enough  to  drive  the  next  generation  of  cooled 
Schottky  diode  mixers  made  from  InGaAs.  Future  versions  of  the  quasi¬ 
optical  oscillator  will  operate  up  to  frequencies  of  at  least  500  GHz. 
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Fig.  14.  (a)  Cross-sectional  view  of  a  quasioptically  stabilized  DBRTD  oscillator  for  opera¬ 
tion  in  the  millimeter-  and  submillimeter-wave  regions,  (b)  Experimental  power  spectrum  of 
quasioptically  stabilized  DBRTD  oscillator  operating  near  110  GHz. 


C.  DBRTD  Pulse-Forming  and  Trigger  Circuits 

The  fast  switching  behavior  described  in  Section  VI.C  makes  the 
DBRTD  ideally  suited  for  generating  sharp  edges  in  response  to  slowly 
varying  input  waveforms.  The  basic  idea  is  to  take  the  dc  load  line  in  Fig. 
8b  and  superimpose  on  it  an  ac  drive  waveform  of  arbitrary  i^riod.  The 
amplitude  of  the  drive  is  chosen  such  that  the  diode  voltage  switches  from 
the  peak  to  the  valley  region  as  the  drive  increases  from  minimum  to 
maximum  voltage,  and  the  diode  voltage  switches  back  to  the  peak  region 
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as  the  drive  decreases  to  its  minimum.  The  resulting  current  waveform 
through  the  DBRTD  has  sharp  leading  and  lagging  edges  and,  if  fed  into  a 
circuit  separate  from  the  drive  circuit  (by  frequency  discrimination  tech¬ 
niques),  should  yield  a  square  wave.  With  proper  design  the  square  wave 
can  be  induced  with  a  relatively  small  amplitude  drive  waveform,  which 
means  there  is  high  voltage  gain.  Another  benefit  is  that  the  switching 
thresholds  are  well  defined  by  the  peak  and  valley  points,  so  that  the 
sharp  edges  always  occur  at  the  same  phase  of  the  drive  voltage.  This  is  a 
required  property  of  a  trigger.  Monolithic  DBRTD-based  trigger  circuits 
have  been  demonstrated  alone  up  to  1 10  GHz  [26]  and  as  an  integral  part 
of  a  sampling  head  operating  up  to  26  GHz  [99]. 

D.  DBRTD-Based  Waveform  Generation  and  Signal 
Processing  Circuits 

The  flexibility  in  design  of  the  DBRTD  I-V  characteristics  can  be  uti¬ 
lized  to  perform  various  specialized  waveform  generation  functions.  For 
example,  if  a  DBRTD  is  grown  with  compositional  and  doping  profiles 
that  are  perfectly  symmetrical  about  the  center  of  the  quantum  well,  the 
I-V  curve  will  be  antisymmetrical  about  the  origin.  When  such  an  I-V 
curve  is  driven  with  a  sinusoidal  voltage  waveform,  the  current  spectrum 
flowing  through  the  diode  will  contain  only  odd  harmonics  of  the  drive 
waveform  [100].  Furthermore,  if  the  amplitude  of  the  drive  waveform  is 
close  to  the  valley  voltage  of  the  DBRTD,  and  if  the  PVCR  of  the  DBRTD 
is  sufficiently  high,  then  the  power  contained  in  the  fifth  harmonic  can 
exceed  the  power  in  the  third.  This  property  is  depicted  in  Fig.  15a.  The 
performance  of  a  prototype  microwave  fifth-harmonic  multiplier  is  dis¬ 
played  in  Fig.  15b.  The  conversion  efficiency  from  the  fundamental  drive 
frequency  to  the  fifth  harmonic  is  approximately  0.3%. 

If  two  or  more  double-barrier  structures  are  grown  in  tandem,  the  over¬ 
all  I-V  curve  will  have  a  sawtooth-like  characteristic,  similar  to  that 
observed  with  two  or  more  Esaki  diodes  connected  in  series  but  without 
the  parasitic  impedance  of  the  interconnect.  By  designing  the  DBRTDs 
properly,  the  successive  peaks  in  the  sawtooth  can  be  separated  by  nearly 
equal  voltage.  This  leads  to  the  possibility  of  multibit  analog-to-digital 
(A/D)  conversion.  Simulations  on  such  a  device  have  indicated  that  a 
4-bit  A/D  converter  made  by  this  technique  should  operate  up  30  GHz 
[101]. 

E.  DBRTDs  in  Memory  and  Logic  Circuits 

When  a  DBRTD  is  connected  to  the  source  terminal  of  an  FET  [102],  or 
to  the  emitter  terminal  of  a  bipolar  junction  transistor  (BIT)  [103],  a 
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Fig.  15.  (a)  Simulated  current  waveform  through  a  DBRTD  having  a  perfectly  antisymmet¬ 
ric  I~V  curve  and  driven  by  a  sinusoidal  voltage  having  amplitude  greater  than  Vp.  (b)  Power 
spectrum  of  the  current  in  (a)  for  a  voltage  waveform  frequency  of  4.25  GHz. 


negative  transconductance  region  is  introduced  into  the  I-V  curves  of  the 
transistor-DBRTD  combination.  When  the  FET  (BIT)  transistor  is 
loaded  by  a  suitable  resistive  load  at  the  drain  (collector)  terminal,  the 
output  at  this  terminal  will  be  bistable  in  the  sense  that  two  different 
output  states  will  be  possible  for  the  same  gate  (base)  input.  Which  output 
state  is  realized  depends  on  how  the  input  was  reached.  This  is  the  basis 
for  a  latch  or  a  flip-flop,  which  are  the  building  blocks  of  sequential  (i.e., 
memory-dependent)  logic.  When  either  transistor  is  loaded  by  several 
DBRTDs  in  tandem,  more  than  two  possible  output  levels  are  obtained. 
This  raises  the  possibility  of  multivalued  (i.e.,  trinary  or  higher)  logic 
families  based  on  these  devices  [96]. 


346 


E.  R.  Brown 


(b)  INPUT  VOLTAGE  (V) 


Rg.  16.  (a)  Load  line  presented  by  a  DBRTD  to  a  heterostructure  field  effect  transistor,  (b) 
Transfer  characteristic  of  the  logic-level  inverter  based  on  the  load  line  in  (a). 


Improved  performance  (in  terms  of  static  power  dissipation)  with  simi¬ 
lar  functionality  can  be  obtained  by  using  the  DBRTD  as  the  transistor 
load  at  the  drain  (collector)  terminal  and  grounding  the  source  (emitter). 
The  analogous  configuration  of  an  FET  and  an  Esaki  diode  load  was 
originally  proposed  by  Lehovec  [104]  as  a  low-power  static  RAM  cell.  It 
can  also  function  as  a  low-power  inverter  for  combinational  logic.  The 
simulated  load  line  of  a  heterostructure  FET  transistor  loaded  by  a 
DBRTD  is  shown  in  Fig.  16a.  Clearly,  the  low  static  POwer  is  achieved  by 
choosing  a  bias  voltage  Vdd  so  that  the  low-output  ( Voirr )  logic  state  is 
just  beyond  the  valley  point  of  the  DBRTD.  The  resulting  static  transfer 
characteristic  is  shown  in  Fig.  16b.  The  large  hysteresis  in  this  curve  may 
enhance  the  logic  noise  margins,  NM°  and  NM’,  and  is  dso  the  basis  for 
static-RAM  applications.  Such  a  circuit  has  been  fabricated  monolithi- 
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cally  and  shown  to  have  the  desired  static  properties  [105].  This  configu¬ 
ration  has  been  predicted  by  numerical  simulation  to  have  a  speed  com¬ 
petitive  with  the  fastest  direct-coupled  FET  logic  [106]. 
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